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ABSTRACT 


This Is the fifth In a series of eveiluated sets of rate constants and 
photochemical cross sections compiled by the NASA Panel for Data 
Evaluation, The primary application of the data is in the modeling of 
stratospheric processes, with particular emphasis on the ozone layer and 
its possible perturbation by anthropogenic and naturauL phenomena. 



CHEMICAL KINETICS AND PHOTOCHEMICAL DATA 
FOR USE IN STRATOSPHERIC MODELING 


INTRODUCTION 

The present oompllatlon of kinetic and photochemical data repreaenta 
the fifth e'.'alua>:lon prepared by the NASA Panel for Data Evaluation. The 
Panel waa eatabllahed in 1977 by the NASA Upper Atmosphere Reaearoh 
Program Office for the purpose of providing a critical tabulation of the 
latest kinetic and photochemical data for use by modelers in computer 
simulations of stratospheric chemistry. The previous publications 
appeared as follows: 

Evaluation Number Reference 

1 NASA RP 1010, Chapter 1 

(Hudson, 1977) 

2 JPL Publication 79-27 

(DeHore et al., 1979) 
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NASA RP 1049, Chapter 1 
(Hudson and Reed, 1979) 


4 


JPL Publication 61-3 
(DeHore et al., 1961) 
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The present composition of the Panel and the major responsibilities 
of each member are listed below: 

W. B. DeMore, Chairman (Chapman chemistry) 

F. Kaufman, Advisor 

0. M. Golden (three-body reactions) 

R. F. Hampson (halogen chemistry) 

C. J. Howard (HOj^ chemistry, 0(^D) reactions) 

M. J. Kurylo (SO^ chemistry) 

M. J. Molina (photochemical cross sections) 

A. R. Ravlshankara (hydrocarbon oxidation) 

R. T. Watson (NCj^ chemistry). 

As shown above, each Panel member concentrates his effort on a given 
area or type of data. Nevertheless, the final recommendations of the 
Panel represent a consensus evaluation by the entire Panel. Each member 
reviews the basis for all recommendations, and is cognizant of the final 
decision in every case. 

BASIS OF THE RECOMMENDATIONS 

The recommended rate constants and cross sections are based on 
laboratory measurements, and in general only published data are 
considered. Occasional exceptions are made when preprints of articles 
submitted for publication are available to the Panel. In no cases are 
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rate constants adjusted to fit ooservations of stratospheric 
concentrations. The Panel does consider the question of consistency of 
data with expectations based on kinetics theories, and In cases where a 
discrepancy appears to exist, this fact Is pointed out In the accompanying 
note. The major use of theoretical extrapolation of data is in connection 
with three-body reactions, In which the required pressure or temperature 
dependence Is sometimes unavailable from laboratory measurements, and can 
be estimated by use of appropriate theoretical treatment. In the case of 
a few important rate constants for which no experimental data are 
available (for example, OH + H0C1-* H 2 O + CIO), the Panel has provided 
estimates of rate constant parameters, based on analogy to similar 
reactions for which data are available. 

r 

DISCUSSION 

In this section we review the general state of laboratory kinetics 
and photochemistry. Specific discussions of Individual reaction 
categories are also Included. 

While there have been no major upheavals in stratospheric chemistry 
since the last panel evaluation, the recommendations for certain key 
reactions (for example, 0 HO 2 , OH HO 2 , and OH HNOj|) have changed 
significantly, and the implications for atmospheric models have been 
Important. Fortunately, the resulting changes seem for the most part to 
bring the model predictions Into closer agreement with measured 
stratospheric properties such as the CIO profile. 

The Improvements In precision, reliability, and completeness of the 
kinetics data have not been accompanied by a corresponding Increase In 
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theoretical understanding of the reactions in question, however. It is 
still unknown, for example, why the OH CO reaction exhibits a pressure 
dependence, insofar as the detailed mechanism is concerned. A similar 
situation holds for the reactions OH * HO2, HO2 HO2, and (to some 
extent) OH + HHO^. Thus, there is an element of empiricism in some of the 
Important rate recommendations. 

In our previous evaluation (JPL 81 - 3 ) we identified, as one problem, 
the relative paucity of advanced techniques for the identification of 
reaction intermediates and products. This is an area wnioh has not 
progressed as rapidly in recent years as has the capability for 
measurement of absolute reaction rates. In some cases such information is 
required to fully elucidate the reaction mechanism. Several groups are 
now developing new apparatus for these purposes, and it may be hoped that 
progress will be rapidly forthcoming. 

In the area of product identification, the question of isomer 
formation in several key reactions continues to be unresolved. Although 
the CIO + NO2 reaction, giving possible isomeric forms of chlorine 
nitrate, is the classic example, there may conceivably be a role of 
isomers in at least a transient form in other Important reactions, such as 
OH + NO2 and HO2 + NOg. These questions require further clarification. 

We have also pointed out previously that there are some 
disagreements of rate parameters, particularly pre-exponential factors, 
with expectations based on transition state theory. Such discrepancies 
are disconcerting. The principal example in this connection is the HO2 
0 ^ reaction, which exhibits an abnormally low A-factor for a reaction 
which presumably Involves a simple hydrogen transfer in the rate- 
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determining step, 


Ojj Reactions 

The kinetics of the 0, 02t and 0^ system appear to be well 
escabllshed, and there have been no changes in the rate constant 
recommenaatlons In this evaluation. There Is some concern about possible 
roles of excited states of 0^ or Og, especially but at present 

there Is no evidence that these states have a.ny Important effects on the 
overall chemistry of the stratosphere. 

O(-^D) Reactions 

The data base for 0(^D) reaction chemistry Is In fairly good 
condition. There Is good to excellent agreement In Independent 
measurements of the absolute rate constants for 0(^D) deactivation by the 
major atmospheric components, N 2 and 02 $ by the critical radical 

producing components, H 2 O, CH^j, N 2 O, and H 2 . There are fewer direct 
studies of the products of the deactivation processes, but in most cases 
these details appear to be of minor importance. Some processes of 
interest for product studies include the reactions of 0(^D) with CHjj and 
halocarbons. Possible kinetic energy effects from photolytically 
generated 0(^D) are probably not important in the atmosphere but may 
contribute complications in laboratory studies. 

HOjj Reactions 

This family of reactions continues to be a major source of 
uncertainty in stratospheric chemistry. The principal reasons are that 
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tbe HO2 radical Is relatively difficult to produce and to oonltor ever the 
wide range of temperature and pressure conditions that exist In the 
stratosphere and that key HO2 reactions show an unusual dependence or 
these reaction conditions. Specifically the temperature, pressure, and 
water vapor dependencies observed for the HO2 ••• HO2 reaction and the 
pressure dependence observed for the HO2 + OH reaction are unexpected. 
New results on both of these reactions have led to new recommendations 
which attempt to Incorporate some of the observed behavior. ^^Ithough 
significant progress has been made, the data base on both reactions Is 
still relatively weak and Incomplete. The recommendations for tbe 0 HO2 
and OH OH reactions have been changed to Incorporate new snudles tnat 
Include the temperature dependence of these Important reactions. 

NO^ Reactions 

The kinetics data for this class of reactions are considsred 
reliable, particularly following the recent improvements In the OH HNO^ 
and OH HNOj^ rate constants. Furthermore, there are now measurements or 
the temperature and pressure dependences of the HO2 + NO2 reaction, thus 
providing a more reliable assessment of the role of HNO^ In the 
stratosphere. It must be mentioned, however, that the NP^ class of 
compounds is not one In which there is particularly good agreement between 
field measurements and model predictions. Tbe HNO^ profile Is an example, 
and there also appear to be difficulties in accounting for the 
observations of NO^. It Is not clear at the present time whether the 
discrepancies are due to Incorrect chemistry or measiu’ement problems. 
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Halogen Chemistry 


The recommendations for the Important CIO,^ reactions have not 
changed significantly since the previous evaluation (JPL 81-3). This 
reflects the fact that from the standpoint of the CFM-O^ question many of 
the important rate constants, such as those for Cl + C^, NO + CIO, 0 CIO 
and CH + HCl, have been measured reliably and recommendations can be made 
confidently. One rate constant recommendation which has changed 
substantially is that of the Cl CINO^ reaction, which is now known to be 
almost two orders of magnitude faster than previously believed. This 
change has little Impact on stratospheric models, but does have 
significance with regard to laboratory experiments on the photolysis of 
chlorine nitrate. (See discussion of chlorine nitrate cross sections.) 
The table now Includes new entries for reactions of chlorine atoms with 
more organic species (C^Hg, C 2 H 2 , CH^OH) and with HOCl. In the reaction 
of Cl with HOj the channel to produce CIO + OH is now known to be much 
more significant (20t at 298 K) than thought previously. 

Recent kinetic studies of the HO + CIO and HO 2 + CIO reactions 
suggest that formation of HCl is negligible, thus diminishing their 
potential importance in the stratosphere as chain terminators. The strong 
negative T-dependence of the HO 2 + CIO reaction does, however, enhance the 
possible role of HOCl as a chlorine reservoir in stratospheric chemistry. 
However, such effects are probably minor since the role as a sink is 
counter-balanced by the possible action of HOCl in a catalytic 0^ 
destruction cycle arising through photolysis. 

Other than a few minor refinements, there have been no changes in 
the data base for BrO^^ and FO^^ reactions. 
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Hy.dr.pcarbon Oxidation 


Our understanding of hydrocarbon oxidation in the atmosphere has 
Improved considerably in the past few years. All hydrocarbons are 
produced in the biosphere and their degradation in the troposphere is 
initiated by reaction with OH (and with ozone in the case of olefins). 
Depending on their reactivity with OH, a fraction of the surface flux of 
hydrocarbons is transported into the stratosphere where their oxidation 
serves as a source of water vapor. In addition, reaction of Cl atoms with 
these hydrocarbons (mainly CH]^) constitutes one of the major sink 
mechanisms for active chlorine. Even though CH|| is the predominant 
hydrocarbon in the stratosphere, we have Included in this evaluation 
certain reactions of a few heavier hydrocarbon species. 

In the stratosphere, CH(^ oxidation is initiated by its reaction with 
either OH or Cl (and to a limited extent 0 (^D)), leading to formation of 
CHj and subsequently CH^Oj* Several details of the subsequent chemistry 
are unclear, however. Three reactions which are not well characterized 
are: CH^Og HO2, which exhibits an unusually large negative temperature 
dependence; CH^O + O2, which has not been well studied at or below room 
temperature; and the CH^OCH + OH reaction, for which the rate constant has 
not been measured at all. The CH2O2 + HOg reaction is the main source of 
CH^OOH in the stratosphere, and an unusual temperature dependence has been 
measured for this reaction, suggesting a complex mechanism analogous to 
that for the HO^ + HO2 reaction. Further studies on the temperature and 
pressure dependence of this reaction are needed. The CH^O -i- O2 reaction 
rate constant has recently been measured directly at high temperatures, 
but measurements at lower temperatures are also needed. Nevertheless, it 
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is quite clear that the naln pathway for CH^O In the atratoaphere la 
reaction with 02« Even though the rate constanta for the three reactlona 
mentioned above are not very well known, the eft'ecta of theae 
uncertainties on stratospheric 0^ perturbation calculations are 
negligible. 

The rate constant for CH^02N02 formation from CH^02 and NO2 la well 
defined. However, the role of CH2O2NO2 In the stratosphere remains 
unclear, owing to the lack of data on Its thermal decomposition and 
photolysis. 

Formaldehyde photo-oxldatlon to form CO can be considered well 
understood, especially since the rate of the HCO * O2 reaction Is known. 
The rates of the OH and 0 (^P) reactions with CH2O and the photolysis cross 
sections of CH2O are accurately known. 

Another area of hydrocarbon oxidation which has seen a great deal of 
improvement is that of product analysis. However, some additional work 
may be required to measure branching ratios for reactions such as CH^02 + 
CH3O2. 

The oxidation scheme for higher hydrocarbons has not been fully 
elucidated. However, the rate of transport of these hydrocarbons Into the 
stratosphere can be easily calculated since the rates or reactions with OH 
are well known. In most cases it Is expected that the radicals formed 
from the Initial OH or Cl attack will follow courses analogous to CH3, and 
ultimately lead to CO. 

SO^ Reactions 

Oxidation of SO2 is considered to be a principal source of the 
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sulfuric acid and anmonlum sulfate aerosol particles which make up the 
Junge layer in the lower stratosphere. This layer, originally thought to 
be the result of volcanic activity, has persisted during extended periods 
of volcanic inactivity. It is now believed that sulfur containing species 
such as OCS (of either biogenic or anthropogenic origin) can serve as 
photolytlc or reactive sources of reduced sulfur which can ultimately bS 
oxldlzea into SO, S02, and thence to sulfuric acid. 

There is increasing evidence of a molecular oxygen effect on the 
reactions of such sulfur containing compounds. The reaction of 
electronically excited CS2 with O 2 has been suggested as an Important 
tropospheric loss mechanism of CS 2 and source of OCS. Similarly, the 
reaction of OH with CS 2 is appreciably accelerated in the presence of 02, 
suggesting the reaction of a CS 2 -OH adduct with 02> While further such O 2 
reactions have not yet been quantitatively appraised, their occurrence may 
be very important to a complete understanding of SO^^ chemistry. 

Among the simple blmolscular reactions, those involving sulfur atoms 
are reasonably well defined for stratospheric purposes. Our understanding 
of atmospheric SH reactions, on the other hand, suffers from the absence 
of relevant rate constant measurements. As the body of information on SH 
radical activity is increased, further entries describing its atmospheric 
behavior will be added. 

The tables have been expanded to Include several reactions 
describing the formation and subsequent oxidation of SO. A complete 
description of SO oxidation by both radical and molecular species cannot 
be presented at this time. Many SO reactions appear to occur with rate 
constants greatly exceeding the NO reaction analogues. Further work is 
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needed to fully aaaess the loportanoe of SO reactlona with apeolea auoh aa 
OH, H02> CIO, BrO, eto. 

PbQtoallfliaiQai Seotlona 

The abaorptlon oroaa aeotlona of O 2 In the 165-210 nm range--l.e.. 
In the Schumann-Runge banda and at the onaet of the Herzberg continuum— 
require further atudy; eatlmatea of the penetration of UV radiation In tne 
stratosphere depend orltloally on these cross sections. Also, the 
absorption cross sections of 0^ and their temperature dependence should be 
accurately remeasured In view of their Importance for atmospheric modeling 
and for Interpreting Dobson and BUV data. 

The temperature dependence of the absorption cross sections of 
HO 2 NO 2 and HNO^ In the 300 nm region should be determined. 

New results on the rate constant for the Cl CINO^ reaction have 
resolved previous discrepancies on the Identity of the primary 
photodlssoclatlon products of CINO^ (see discussion under CINO^ cross 
sections) . 

£Iaiua AtnoaPbaric CbealatiirY 

The ozone content of earth's atmosphere can be considered to exist 
In three distinct regions, the troposphere, stratosphere, and mesosphere. 
The unpolluted troposphere contains small amounts of ozone, which come 
from both downward transport from the stratosphere and from In situ 
photochemical production. The chemistry of the global troposphere Is 
complex, with both homogeneous and heterogeneous (e.g., raln-out) 
processes playing Important roles. The homogeneous chemistry Is governed 
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by coupling between the car bon/ nitrogen/hydrogen and oxygen syateoa and 
can be considered to be more complex than the chemistry of the 
stratosphere, due to the presence of higher hydrocarbons, long 
photochemical relaxation times, higher total pressures, and the high 
relative humidity which may affect the reactivity of certain key species 
such as H02> Significant progress Is being made In understanding the 
coupling between the different chemical systems, especially the mechanism 
of methane oxidation, which partially controls the odd hydrogen budget^ 
This Is an Important development, as reactions of the hydroxyl radical are 
the primary loss mechanism for compounds containing C-H (CHj|, CH^Cl, 
CHFgCl, etc.) or C=C (C 2 CI 1 J, C2HC1^, CgHj,, etc.}, thus limiting the 
fraction transported Into the stratosphere. 

The stratosphere Is the region of the atmosphere where the bulk of 
the ozone resides, with the concentration reaching a maximum value of 
about 5 X 10^^ molecule cm**^ at an altitude of -25 km. Ozone In the 
stratosphere Is removed predominantly by catalytic (i.e., non-Chapman) 
processes, but the assignment of their relative Importance and the 
prediction of their future impact 1s dependent on a detailed understanding 
of chemical reactions which form, remove and interconvert the catalytic 
species. A model calculation of stratospheric composition may Include 
some 150 chemical reactions and photochemical processes, which vary 
greatly In their importance In controlling the density of ozone. 
Laboratory measurements of the rates of these reactions have progressed 
rapidly in recent years, and have given us a basic understanding of the 
processes Involved, particularly In the upper stratosphere. Despite the 
basically sound understanding of overall stratospheric chemistry which 
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presently exists, much remains to be done to quantify errors, to Identity 
reaction channels positively, and to measure reaction rates both under 
conditions corresponding to the lower stratosphere (-210 K, -75 torr) as 
well as the top of the stratosphere (-270 - 1 torr). 

The chemistry of the upper stratosphere, l.e. 30-50 km, la thought 
to be reasonably well defined, although there appear to be some 
significant differences between the predicted and observed chemical 
composition of this region of the atmosphere which may be due to 
inaccurate rate data or missing chemistry. In this region the chemical 
composition of the atmosphere Is predominantly photochemically controlled 
and the photolytlc lifetimes of temporary reservoir species such as HOCl, 
H02N02, CIONO2, N,0g and H2O2 are short and hence they play a minor role. 
Thus tne Important processes above 30 km all Involve atoms and small 
molecules. The majority of laboratory studies on these reactions have 
been carried out under the conditions of pressure and temperature which 
are encountered in the upper stratosphere, and their overall status 
appears to be good. No significant changes In rate coefficients for the 
key reactions such as Cl O^, 0 -«■ CIO, NO + CIO, 0 NO2, NO 0^, etc., 
have occurred In the last few years. On the other hand, there have 
recently been rate and mechanistic studies on reactions such as HO CIO 
and HO2 -I- CIO, which could play Important roles throughout the 
stratosphere If they were to have product channels which generate 
significant amounts of HCl. However, the results to date suggest minor 
HCl pathways. A major area of concern in the chemistry of the upper 
stratosphere Involves the reaction between HO and HO2 radicals which, as 
previously discussed In this section, has had considerable uncertainty in 
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ORIGINAL PAGS vS 
OF POOR Q’JALrrf 

the rate constant. This HOj^ termination reaction plays an Important role 
in determining the absolute concentrations of HD and HOjj. and since HO 
plays a central role in controlling the catalytic efficiencies of both NOj^ 
and ClO^i It la a reaction of considerable Importance. Within the past 
few months the uncertainty In the rate coeff icient f«»r th» re»clIon has 
decreased^ now being tb<»ugbt t«' be less than n footer of two over the 
entire range of atmospheric comlltlons. It should be noterl that the new 
rate «?oef f 1 cl ents for the HO + bpO-,, HO + HNO-, and HO HO^NO^ reacMona 
have had little effect on the model predlotl<*ns of odd HOj, coneentratlons 
above 30 km. F«ir reactions sucdi as 0 + HO and 0 + HOp, which control the 
HOjj radical partitioning above l|0 km, the data base can only be considered 
to be fair, and some 1 mprcvenients need to be made before comparing 
theoretical predictions with <!ertaln field measurement data, e.g., the 
HO/HOp ratio. 

One area In which additional studies may be needed is that of 
excited state chemistry, l.e., studies to determine whether electronic or 
vibrational states of certain atmospheric constituents jay be more 
Important than hitherto recognized. Possible examples are Op*, ®3** 


The chemistry of the lower stratosphere Is quite complex, with 
significant coupling between the HOj^ NO,, and ClOjj families. It is within 
this region of vhe atmosphere (15-30 km) where both dynamics and 
photochemistry play key roles In controlling the trace gas distributions. 
Here the model calculations predict large changes In ozone concentration 
(absolute number density, not percentage) from chi orofluoromethanes. It 
is also within this region of the stratosphere that the question of the 


1 « 


pressure and temperature dependences of the rate coefficients Is most 
critical, due to the low temperatures (210>255 K) and the high total, 
pressures (40-270 mbar). The previously discussed question of possible 
pressure and temperature dependences of HO and HO2 reactions Is highly 
pertinent here. 

Our view of the chemistry of the lower stratosphere has changed In 
recent years, due to changes In rate constants which have In turn led to 
changes In the relative Importance of reactions which control the HO,^ 
budget In this region of the atmosphere. Prior to the appearance of 
Improved kinetics data for the HO * H2C2, HO + HNO^, and HO -f HO2NO2 
reactions, the major termination reaction for odd hydrogen species In 
models of the lower stratosphere was the HO ♦ HO2 H2O + O2 reaction. 
Recent work on the HO + H2O2 and HO + K1<0^ rate constants has suggested 
that tne previously accepted values (prior to JPL 81-3) were In error, 
especially at stratospheric temperatures, and that the previously 
undetermined rate coefficient for the HO * HO2NO2 reaction was 
significantly faster than had been estimated. The major effect occurred 
due to the change In rate constant for the OH HNO^ reaction (a factor of 
3 faster at 200 K). The change In the rate constant for HO H2O2 (a 
factor of 5 at 220 K) had relatively less effect. There are several other 
processes which need to be restudled in order to understand HO^^ radical 
budgets in the lower stratosphere, and the HO2 HO^ reaction Is an 
example. The species HNO^, H02N02, CINO^ and HOCl illustrate the strong 
coupling that exists between the HO^, NO,^ and CIO^ families. One 
disturbing problem is that while these species are currently thought to 
play an important role in stratospheric photochemistry, only HNU^ has yet 
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been poaltlvaly observed by any field ffleasurement study. 

RATE CONSTANT DATA 
Formiit-. 

The order of data presentation has been extensively revised In the 
present evaluation. In Table 1 (Rate Constants for Second Order 
Reactions) the reactions ore now grouped into the classes 0^^ 0(^D), HO^^ 
NO^ Hj'drocarbon Reactions, and SO^ The data In Table 2 

(Rate Constants for Three-Body Reactions), while not grouped by class, are 
presented In the same order as the blaolecular reactions. Further, the 
presentation of photochemical cross section data now follows the same 
sequence. It Is expected that these revisions will greatly facilitate the 
location of data In the tables. 

Some of the reactions In Table 1 are actually more complex than 
simple two-body reactions. To explain the anomalous pressure and 
temperature dependences occasionally seen In reactions of this type, It Is 
necessary to consider the bimolecular class of reactions In terms of two 
subcategories, direct (concerted) and indirect (non-concerted) reactions. 

A direct or concerted bimolecular reaction Is one In which the 
reactants A and B proceed to products C and 0 without the Ihtermedlate 
formation of an A B adduct which has appreciable bonding, i.e., no 
stable A-B molecule exists, and there is no reaction Intermediate other 
than the transition state of the reaction, (AB)^. 

A ♦ B (AB)^ C + D 
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The reaction of OH with CHj| forming H2O + CH^ la an example of a reaction 
of thla clase. 

Very uaeful correlations between the expected structure of the 
transition state [AB]^ and the A-factor of the reaction rate constant can 
be made, especially in reactions which are constrained to follow a well- 
defined approach of the two reactants In order to minimize energy 
requirements In the making and breaking of bonds. 

The Indirect or non-concerted class of blmolecular reactions Is 
characterized by a more complex reaction path Involving a potential well 
between reactants and products, leading to a bound adduct (or reaction 
complex) formed between the reactants A and B: 

A + B i [AB]* C ♦ D 

The Intermediate [AB]* Is different from the transition state [AB]^, In 
that it is a bound molecule which has a finite lifetime and which can. In 
principle, be Isolated. (Of course, transition states are Involved In all 
of the above reactions, both forward and backward, but are not explicitly 
shown.) An example of this reaction type is CIO + NO, which normally 
produces Cl -i- NO2 as a blmolecular product, but which undoubtedly Involves 
CIONO (chlorine nitrite) as an Intermediate. This can be viewed as a 
chemical activation process forming (CIONO)* which decomposes 
unlmolecularly to the ultimate products. Cl NO2. Reactions of the non- 
concerted type can have a more complex temperature dependence than these 
of the concerted type, and. In particular, can exhibit a pressure 
dependence if the lifetime of [AB]* Is comparable to the rate of 
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colllslonal deactivation of [AB]*. This arises because the relative rate 
at which [AB]* goes to products C D vs. reactants A -i- B is a sensitive 
function of Its excitation energy. Thus, In actions of thlji type, the 
distinction between the blmolecular and termolecular classification 
becomes less meaningful, and it is particularly necessary to study such 
reactions under th^ temperature and pressure conditions in which they are 
to be used in model calculations. 

The rate constant tabulation for second-order reactions (Table 1) 
gives the following Information; 

1 . Reaction stoichiometry and products ilf known) . 

2. Arrhenius A- factor. 

3. Temperature dependence and associated uncertainty ("activation 
temperature" E/rA&E/R). 

4. Rate constant at 298K. 

5. Uncertainty factor at 298K. 

6. Note giving basis of recommendation and any other pertinent 
information. 

Third-order reactions (Table 2) are given In the form 

= ko300(T/300)"" cm® s"^ , 

(where the value Is suitable for air as the third body), together with tne 
recommended value of n. Where pressure fall-off corrections are 
necessary, an additional entry gives the limiting high pressure rate 
constant In a similar form: 
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K„(T) = k|00(T/300)‘“ cm3 s"^ 

To obtain the effective second-order rate constant for a given condition 
of temperature and pressure (altitude), the following formula Is used: 

k (T)[M] (1+ [log,o(k^(T)[M]/k„(T))]^}~^ 

k(Z) = k(M,T) = + k (T)[M]/k„(Tr^ 

o ^ 


The fixed value 0.6 which appears In this formula fits the data for all 
listed reactions adequately, although in principle this quantity may be 
different for each reaction. 

Thus, a compilation of rate constants of this type requires the 
stipulation of the four parameters, k^CSOO), n, k (300), and m. These can 
be found In Table 2. The discussion that follows outlines tne general 
methods we have used in establishing this table, and the notes to the 
table discuss specific data sources. 

Low-Pressure Limiting Rate Constant [k°(T)J 

Troe (1977) has described a simple method for obtaining low-pressure 
limiting rate constants. In essence this method depends on the 
definition: 

k°(T) = ^3jk5'®®(T) 

Here so signifies "strong** collisions, x denotes the bath gas, and 3^ is 
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an efficiency parameter (0 < 3 < 1)> which provides a measure of energy 
transfer. 

The coefficient 3^ Is related to the average energy transferred In 
a collision with gas x, <AE>^ via: 

3 <AE> 

X X 


1-6,'= ’'e 


Notice that <AE> Is quite sensitive to 3. Fg Is the correction factor of 

the energy dependence of the density of states (a quantity of the order of 

1.1 for moat species of stratospheric Interest). 

For many of the reactions of possible stratospheric Interest 

reviewed here, there exist data in the low-pressure limit (or very close 

thereto), and we have chosen to evaluate ,aji<2 unify this data by 

calculating k°*®®(T) for the appropriate bath gas x and computing the 

value of 3jj corresponding to the experimental value [Troe (1977)]. 

From the 3^ values (most of which are for N2i l.e., 3}j ), we compute 

<AE>_ according to the above equation. Values of <AE>» of approximately 

2 

0.3-1 kcal mole**^ are generally expected. If multiple data exist, we 

average the values of <A£>j^ and recommend a rate constant corresponding to 

2 

the 3v computed via equation (5). 

2 

Where no data exist, we have estimated the low-pressure rate 

constant by taking = 0.3 at T = 300 K, a value based on those cases 

2 

where data exist. 

Temperature Dependence of Low-Pressure Limiting Rate Constants n 

The value of n i-ecommended here comes from a calculation of <A£>fj 
from the data at 300 K, and a computation of 3^^ (200 K) assuming that 


1 


<AE>» is Independent of temperature. This 3n (200 K} value is coablned 
2 2 

with the computed value of k^^°(200 S) to give the expected value of the 
actual rate constant at 200 K. This latter la combination with the value 
of 300 K yields the value of n. 

This procedure can directly be compared with measured values of 
1 Cq( 200 K) when those exist. Unfortunately, very few values of 200 K are 
available. There are often temperature-dependent studies, but some 
ambiguity exists when one attempts to extrapolate these down to 200 E. If 
data le to be extrapolated out of the measured temperature range, a choice 
must be made as to the functional form of the temperature dependence. 
There are two general ways of expressing the temperature dependence of 
rate constants. Either the Arrhenius expression k^(T} = A^j^pC-E/RT) or 
the form k^CT) = A* T”“ is employed. Since neither of these 
extrapolation techniques Is soundly based, and since they often yield 
values that differ substantially, we have used the method explained 
heretofore as the basis of our recommendations. 

High-Pressure Limiting Rate Constants [k<„(T)] 

High-pressure rate constants can often be obtsilned experimentally, 
but those for the relatively small species of atmospheric Importance 
usually reach the high-pressure limit at inaccessibly high pressures. 
This leaves two sources of these numbers, the first being guesses based 
upon some model, and the second extrapolation of fall-off data up to 
higher pressures. Stratospheric conditions generally render reactions of 
interest much closer to the low-pressure limit, and thus are fairly 
Insensitive to the high-pressure value. This means that while the 
extrapolation is long, and the value of k„(T) not very precise, a 


21 



"reasonable guess" of k;a>(T} will then suffice. In some cases we have 
declined to guess since the low-pressure limit is always in effect over 
the entire range of stratospheric conditions. 

Temperature Dependence of High-Pressure Limiting Rate Constants; m 

There is very little data upon which to base a recommendation for 
values of m. Values in Table 2 are estimated, based on models for the 
transition state of bond association reactions and whatever data are 
available. 

Error Estimates 

For second-order rate constants in Table 1, an estimate of the 
uncertainty at any given temperature may be obtained from the following 
expression: 

” ^298 I T “ 298 

An upper or lower bound (corresponding approximately to one standard 
deviation) of tlie rate constant at any temperature T can be obtained by 
multiplying or dividing the value of the rate constant at that temperature 
by the factor f^. The quantities ^29B AE/R are, respectively, the 
uncertainty in the rate constant at 298K and in the Arrhenius temperature 
coefficient, as listed in Table 1, 

For tnree-body reactions (Table 2) a somewhat analogous procedure is 
used. Uncertainties expressed as increments to and k are given for 
these rate constants at room temperature. The additional uncertainty 
arising from the temperature extrapolation is expressed as an uncertainty 
in the temperature coefficients and a. 


I 


I 

.1 



umta 


Hie rate constants are given in units of concentration expressed as 
DOlecules per cubic centimeter and time In seconds. Thus, for first-, 
second-, and third-order reactions the units of Ic are s**^, om^ moleoule"^ 
s”\ and cm® molecule'^ s“^, respectively. 
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Table 1 . Rate Constants for Second Order Reactions. 


Reaction 


A-Factor 

E/R±AfB/R1 

kfPQHItl 

Uncertainty 

Pactor/RCHK 

Notes 




0 

2 Reactions 




0 + Oj 

1 **■ '^3 

(See Table 2) 





0 + 0, 

1 ■ 

^ Og + Og 

1.5x10“'” 

2218^150 

8.8 x 10“'5 

1.15 

1 




0( 

'd) Reactions 




•0(’0) 

♦ 

N2O Ng ♦ O2 

4.9x10“'” 

0*100 

4.9x10“” 

1.4 

2.3 



NO + NO 

6.7x10“” 

0*100 

6.7x10“” 

1.4 

2.3 

0(b) 


HjO OH + OH 

2.2x10“'° 

0*100 

2.2x10“'° 

1.2 

2.4 

0(b) 

♦ 

CH|, -» OH + CH3 

1.4x10“''° 

0*100 

1.4x10“'° 

1.2 

2.5 



Hg + CHgO 

1.4x10“” 

0*100 

1.4x10“” 

1.2 

2,5 

•0(b) 

♦ 

Hj + OH + H 

1.0x10“'° 

0*100 

1.0x10“'° 

1.2 

2 

0(b) 

+ 

Nj + C + Nj 

1.8x10“” 

-(107*100) 

2.6x10“” 

1.2 

2 

0(b) 


U NjO 

(See Table 2) 





0('D) 

♦ 

©2 **■ 0 ♦ ©2 

3.2x10“” 

-(67*100) 

4.0x10“” 

1.2 

2 

0(b) 

♦ 

Oj O2 ♦ Oo 

1.2x10“'° 

0*100 

1.2x10“'° 

1.3 

2,6 



©2 +0 + 0 

1.2x10“'° 

0*100 

1.2x10“'° 

1.3 

2.6 

0(b) 


HCl H. OH + Cl 

1.4x10“'° 

0*100 

1.4x10“'° 

1.3 

2.7 

#o(b) 

♦ ' 

Ci;l|j -► products 

3.3x10"'° 

0*100 

3.3x10“'° 

1.2 

2,8 

•0(b) 

■f 

CFCI3 ► products 

2.3x10“'.° 

0*100 

2.3x10”'° 

1.2 

2,8 

0(b) 

-f 

CFjClj -► products 

1.4x10“'° 

0*100 

1.4x10“'° 

1.3 

2,8 


*Xndlcates a change froa the previous Panel evaluation (JFL 81-3). 
flndlcates a new entry that was not In the previous evaluation. 
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Table 1> f Continued) . 


Reaotlcr 

A-Faotor 

E/BlAfE/») 

k(298K) 

Uncertainty 

Faetor/2Q8lt 

Notes 

# 0 (b) + CF4 -f CF^ ♦ 0 

1.8x10~’3 

OllOO 

1.8x10“’3 

2.0 

2.8 

0(^D) + CCI2O ■» produots 

3.6x10"^® 

oil 00 

3.6x10“’° 

2.0 

2.9 

0(^D) + CFCIO products 

1.9x10“’° 

oil 00 

1.9x10“’° 

2.0 

2.9 

•0(^D) + CFgO -*■ produots 

8.0x1C“” 

OilOO 

8 . 0 x 10 “” 

2.0 

2.9 

0(b) * KH 3 -» OH 4- NHj 

2.5x10”’° 

oil 00 

2.5x10“’° 

1.3 

2,10 

0(b) + COjH. 0 ♦ COj 

7.4x10“” 

-(mil 00) 

1.1x10“’° 

1.2 

2 

0( b) 4. HF -► OH ♦ F 

1.0x10“’° 

oil 00 

1.0x10"’° 

5.0 

11 


H°* 

Reactions 




H 4. Op 5 HOp 

(See Table 2) 





H 4- O3 * OH 4. O2 

1.4x10“’° 

470i200 

2.9x10“” 

1.25 

12 

•0 4 OH -* O2 4 H 

2.2x10“” 

-(miloo) 

3.3x10“” 

1.2 

13 

•0 4 HOg ^ OH 4 O2 

3.0x10“” 

-(200i200) 

5.9x10“” 

1.4 

14 

•0 4 HjOj OH 4 HOp 

1.0x10“” 

2500il000 

2.3x10“’5 

3.0 

15 

■OH 4 HOj -► HpO 4 O2 

(744P,tj,)*10“” 

0i250 

(744P,t^)x10“” 

1.6 

1b 

OH + Oj HOj ♦ Oj 

1 .6 x10“’2 

940*300 

e.SxlO"’** 

1.3 

17 

■OH 4 OH * HpO 4 0 

4.2x10*’^ 

21)2*242 

1.9x10“’^ 

1.4 

18 

OH 4 OH li HpOp 

(See Table 2} 





■OH 4 HpOp - HpO 4 HOp 

3.1x10“’^ 

187*100 

1 .7x10“’^ 

1.3 

19 

■OH 4 Hp -► HpO 4 H 

6.1x10"’^ 

2030*400 

6.7x10“’5 

1.2 

20 


■Indicates a change from tbs previous Panel evaluation (JPL 81-3) • 
llndicates a new entry that was not in the previous evaluation. 
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Table 1. (Continued). 


Reaction 

A-Factor 

E/RiME/B) 

k£2S£K} 

Uncertainty 

Faotor/208IC 

Notes 

•HOj + HOg -» HjOj ♦ Oj 


-(11501600) 

(1.64.l.2P^^g)x10"''2 1.5 

21 

•HOg + O3 OH + ZOg 

l.llxlO"'** 

cMn+500 

5OO.10O 

2.0x10"’5 

1.5 

22 



Reactions 




N O2 HO 4^ 0 

4.4x10“’^ 

3220I340 

8.9x10"” 

r.25 

23 

N ♦ O3 NO -f Og 

- 


<1.0x10"''5 

- 

24 

H 4- NO Nj 4- 0 

3.4x10"” 

Oil 00 

3.4x10"” 

1.3 

25 

N 4. NO2 -*■ N2O 4- 0 

- 

- 

1.4x10"” 

3 

26 

0 4- NO ” NOj 

(See Table 2) 





0 4- NOj NO 4. O2 

9.3x10"’^ 

Q+0 

°-150 

9.3x10"” 

1.1 

27 

0 4. NOj “ HO3 

(See Table 2) 





0 4- NO3 -» O2 4. NOg 

1.0x10"” 

oirso 

1.0x10"” 

1.5 

28 

0 * NgOg -► products 

- 

- 

<3.0x10"'*® 

- 

1 

29 i 

0 4- HNO3 -► OH 4- NC3 

- 

- 

<3.0x10“” 

- 

30 ; 

•0 4- HOgNOg products 

7.0x10“” 

3370I750 

8.6x10"'*® 

3.0 

31 i 

•O3 4. NO NOg 4. Og 

2.2x10"’^ 

1430l200 

1.8x10"*" 

1.2 

32 1 

•NO 4- HOg - NOg 4. OH 

3.7x10"’^ 

-(240l80) 

8.3x10"*2 

1.2 

33 ; 

NO 4 . NO3 2N0g 

- 

- 

2.0x10"** 

3.0 

34 ' 

OH 4 - NO ” HONO 

(See Table 2) 




j 

OH 4- NOg ” HNO3 

(See Table 2) 




( 

•OH 4- HNO3 •» products 

9.4x10*^5 

-(778I1OO) 

1.3x10"*3 

*.3 

35 

•OH 4- HOgNOg products 

1.3x10"’2 

-(38o:|^) 

4.2x10"*^ 

1.5 

36 : 

•Indicates a change froD 

the previous Panel evaluation (JPl 

81-3). 




Ilndlcates a new entry that was not In the prevlojs evaluation. 
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Tabl« 1. (Continued). 



HOj * NOj ^ HO 2 NO 2 

(Sea Table 2) 



O 3 ♦ NO 2 •» HO 3 ♦ Cj 

1.2x10“’3 

2*150^1110 

3.2x10“’7 

O 3 HNO 2 - O 2 HNO 3 

- 

- 

<5.0x10“’ 

NO 2 ♦ NO 3 H HjOg 

(See Table 2} 




CIO, 

Reactions 


Cl ♦ O 3 - CIO ♦ O 2 

2 . 8 x 10 "” 

257-100 

1 . 2 x 10 "” 

•Cl + H 2 ^ HCl ♦ H 

3.7X10"’’ 

2300^200 

1 . 6 x 10 "’" 

Cl ♦ CH^ HCl ♦ CH 3 

9.6x10"’2 

1350^150 

1.0x10“’3 

Cl ♦ CjHg - HCl + CjHg 

7-7x10“’’ 

90-90 

5 . 7 x 10 "” 

#C1 ♦ CjHg .. HCl ♦ CjHy 

1 .Hx 10“’0 

-(H0^50) 

1 . 6 x 10 “’° 

#C1 + C 2 H 2 -* products 

- 

- 

lx 10"’2 

#C.’ + CH 3 OH * CHjOH HCl 

6 - 3 x 10 “” 

0^250 

6.3x10"” 

Cl ♦ CH 3 CI - CHjCl ♦ HCl 

3 .<tx 10 “” 

1260^200 

4.9x10“’3 

•Cl + HjCO - HCl ♦ HCO 

8 . 2 x 10 “” 

3Hil00 

7 . 3 x 10 “” 

Cl + HjOj ^ HCl ♦ HO 2 

1 . 1 x 10 “” 

980^500 

4.1x10“’3 

#C1 + HOCl * products 

3 . 0 x 10 “’^ 

130^250 

1.9x10"’2 

Cl + HNO 3 ♦ products 

< 1 . 0 x 10 “” 

2 no:|§go 

<7.0x10“’ 

•Cl ♦ HOj • HCl + O 2 

1 . 8 x 10 "” 

-( 170^200) 

3 . 2 x 10 '” 

- OH 4- CIO 

H. 1 x 10 “” 

■1502200 

9.1x10"’2 

Cl + CljO - CI 2 ♦ CIO 

9 . 8 x 10 “” 

0^250 

9 . 8 x 10 "” 

Cl ♦ OCIO 4 CIO ♦ CIO 

5.9x10“” 

0*250 

5.9x10'” 


Unccr taint 




■Indioates a change froa the previoua Panel evaluation (JPL 81-3)- 
llndlcatea a new entry that was not in the previous evaluation. 
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Table 1. (Continued). 


Reaction 

A-Factor 

E/Ri.>(E/R) 

k( 2981(1 

Uncertainty 

Faotor/298K 

Notea 

•Cl + ClONOj -» products 

6.0x10"’^ 

-(1502f200) 

1.0x10"” 

1.5 

55 

Cl + NO ” NOCl 

(See Table 2) 





Cl + NOj CIONO (ClNOj) 

(See Table 2) 





•Cl ♦ CINO NO + CI2 

2.3x10~” 

0*500 

°-250 

2.3x10"” 

3.0 

5b 

Cl + Og ” ClOO 

(See Table 2} 





Cl + ClOO - CI2 + Og 

1.Ux10"’° 

0^250 

1.4x10"’^ 

3.0 

57 

- CIO + CIO 

8.0x10"’^ 

0*250 

O.OxlO'’^ 

3.0 

57 

CIO + 0 Cl + O2 

7.7X10"” 

130*130 

5.0x10"” 

1.2 

58 

CIO ♦ NO NOj + Cl 

6.2x10"’^ 

>(294*100) 

1.7x10"” 

1.15 

59 

CIO + NOg U ClONOg 

(See Table 2) 





•CIO * HOg - HOCl ♦ Og 

4.6x10"'3 

-(Tiorflg) 

S.OxlO’’^ 

1.4 

60 

CIO ♦ HgCO ♦ products 

-1.0x10“’^ 

>2060 

<1.0x1C"^5 

- 

61 

•CIO ♦ OH *“ products 

5.1x10”’^ 

-(160*200) 

9.4x10"^2 

2 

62 

CIO + CHi^ products 

-1 .0x10"’2 

>3700 

<4.0x10"’® 

- 

63 

CIO « Hg . products 

-1 .0x10"’^ 

>4800 

<1.0x10"’5 

- 

63 

CIO + CO . products 

-1 .0x10"’^ 

>3700 

<4.0x10"’® 

- 

63 

CIO + NgO - products 

-I.CxIO"’^ 

>4260 

<6.0x10"’® 

- 

63 

CIO + CIO * products 

- 


- 

- 

64 

CIC + O3 • ClOO ♦ Og 

1.0x10“’^ 

>4000 

<1.0x10"’® 

- 

65 

• OCIO ♦ Og 

1.0x10"’^ 

>4000 

<1.0x10"’® 

- 

65 

OH ♦ HCl • HgO + Cl 

2.8x10"’^ 

425*100 

6.6 x 10"’3 

1.1 

6b 

•Indicates a change froa 

the previous Panel 

evaluation (JPL 

81-3). 




flndlcatea a new entry that was not In the previous evaluation. 
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Table 1. (Continued). 



■mmi 

Hmii 


Uncercalnty 

Factor/298lt 

■HU 

OH + HOCl -» H2O * CIO 

3. 0x10"’ 2 

’5o:?|8 

1.8x10”'' 2 

10 

67 

OH + CH3CI ♦ CHjCl ♦ H2O 

1.8 x 10"’2 

1112*200 

4.3x10"''* 

1.2 

68 

OH + CHjClj - CHCI2 + HjO 

M.Sx 10"’2 

1032-200 

1.4x10"’3 

1.2 

68 

OH + CHClj -* CCI3 + H2O 

3.3x10"’2 

1034*200 

1.0x10" '3 

1.2 

68 

OH ♦ CHFClj - CFCI2 + HjO 

8.9xVj”^3 

1013*200 

3.0 x 10"*'* 

1.3 

68 

OH + CHFgCl ^ CFjCl ♦ H2O 

7.8x10“’3 

1530*200 

4.6x10"'5 

1.2 

68 

OH + CHjClF -► CHCIF + HjO 

2.0x10“^^ 

1134*150 

4.4x10"" 

1.2 

66 

OH ♦ CHjCClj ► CH2CCI3 + Hj 

0 5.4x10”’2 

1 620*200 

1.2X10"'** 

1.3 

69 

OH * C2CIJ1 -> products 

9.tx10"’2 

1200*200 

1.7x10“'3 

1.25 

70 

OH * C2HCI3 products 

5.0x10“’3 

-(445*200) 

2.2x10*'^ 

1.25 

71 

OH + CFCI3 -<• products 

-1 .0x10”’^ 

>3650 

<5.0x10"'® 

- 

72 

OH + CF2CI2 •* products 

-1.0x10“’^ 

>3560 

<6.5x10"'® 

- 

72 

OH + CICNO2 ^ products 

1 .2x10"’^ 

333*200 

3.9x10“'3 

1.5 

73 

•0 * HCl ♦ OH ♦ Cl 

I.OxlO"’’ 

3340*350 

1.4x10"'® 

2.0 

74 

0 + HOCl * OH + CIO 

1.0x10'” 

2200*1000 

6.0x10“'® 

10 

75 

0 + CIONO2 products 

3.0x10"’^ 

808*200 

2.0x10“'3 

1.5 

76 

•0 ♦ CljO ♦ CIO ♦ CIO 

2.7x10“” 

560*200 

4.1x10“'^ 

1.5 

77 

0 + OCIO - CIO + Oj 

2.5x10“” 

1166*300 

5.0x10“'3 

1.5 

78 

NO + OCIO ^ NOj ♦ CIO 

2.5x10“’^ 

600*300 

3.4.io"'3 

1.5 

79 


BrOj^ Reactions 




Br ♦ O3 BrO ♦ O2 

1.tx10“” 

755*200 

1.1x10“'^ 

1.2 

80 

■Indicates a change froai the 

previous Panel 

evaluation (JPI. 81-3). 



(^Indicates a new entry that 

was not in the 

previous evaluation. 




29 


/ 




ORIGINAL PAGE IS 
OF POOR QUALITY 


TablA 1. (Continued). 


p^pi^^^Miiiiiiiiiiiiniiiiiiiii 

pumiiii 


HHHHi 

Uncertainty 

Factop/2QRK 

■lii 

•Bf ♦ HjOj - HBr + HOj 

-I.OxlO"” 

>2500 

<2.0x10"’5 

- 

31 

•Br HjCO -* HBr ♦ HCO 

1.7x10~” 

800^200 

1.1x10"’^ 

1.3 

82 

•Br + HO- -* HBr + Oj 

- 

- 

>1x10"’3 

- ■ 

83 

BrO 0 -> Br + Og 

3.0X10”'*'' 

0^250 

3.0x10“” 

3.0 

M 

BrO + CIO - Br + OCIO 

6.7x10"’2 

0^250 

6.7x10"’2 

2.0 

85 

-» Br + Cl + Og 

6.7x10"’2 

0^250 

6.7*10“’2 

2.0 

85 

BrO + HO - NOj ♦ Br 

8.7x10”’2 

-(265^130) 

2.1x10"” 

1.15 

86 

BrO ♦ NOg *J BrOHOg 

(See Table 2} 





•BrO ♦ BrO 2 Br Og 

1.I»X10"’2 

-(150*150) 

2.3x10"’2 

1.25 

87 

- Brg + Og 

6.0x10"’'' 

-(600*600) 

4.4x10"’3 

1.25 

87 

BrO + Oj -► Br + 2 Og 

-lx10~’2 

>1600 

<5.0x10"’5 

- 

88 

BrO + HOg HOBr ♦ Og 

- 

- 

5. 0x10"’ 2 

5.0 

89 

BrO + OH •. products 

- 

- 

9.0x10“’2 

5.0 

90 

•OH ♦ HBr . HgO + Br 

8.0x10"’^ 

0*250 

8.0x10”’2 

1.5 

91 

OH ♦ CHjBr ► CHgBr + HgO 

6.1x10"’3 

825*200 

3.8x10"’* 

1.25 

92 

0 + HBr - OH + Br 

7.6x10"’^ 

1570*300 

3.9x10"’* 

1.5 

93 


FO, Reactions 




F + O 3 • FO ♦ Og 

2 . 8 x 10 "” 

226*200 

1 . 3 x 10 "” 

2.0 

94 

•F ♦ Hg - HF ♦ H 

1.9x10"’° 

570*250 

2.8x10"” 

1.3 

95 

F CHj, - HF + CH 3 

3.0x10”’° 

400*300 

8.0x10"” 

2.0 

96 

•Indicates a change froa the 

previous Panel 

evaluation (JPL 

81-3). 




#Indic3tes a new entry that was not in the previous evaluation. 
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Table 1. (Continued). 





mM^H 

Uncertainty 

Factor/PQSr 

MMi 

F + HgO - HF + OH 

2 . 2 x 10 "''’ 

200^200 

1 . 1 x 10 "” 

5.0 

9T 

F ♦ Oj - FOj 

(See Table 2) 





F > NO ^ FNO 

(See Table 2) 





F + NOj 5 FNOjiFONO) 

(See Table 2) 





•NO + FO ^ HOj ♦ F 

2 . 6 x 10 "” 

0*250 

2 . 6 x 10 "” 

2.0 

98 

FO + FO - 2 F ♦ Oj 

1.5x10"” 

0*250 

1.5x10"” 

3.0 

99 

FO + Oj - F ♦ 2 Oj 

- 

- 

- 

- 

lUO 

- FO 2 + Oj 

- 

- 

- 

- 

100 

FO + NOg - FOHOj 

(See Table 2) 





0 + FO - F ■*• O 2 

5.0x10"” 

0*250 

5 . 0 x 10 "” 

3.0 

101 

0 + FO 2 ”* ^ 

5.0x10"” 

0*250 

5.0x10"” 

5.0 

102 


Hydrocarbon Rmtioaa 




OH + CO - COj + H 

1.35x10"'3(i+p^^^) 

0*200 1.35x10"'3(i+p^^) 

1.25 

103 

OH + CHj, - CH 3 ♦ H 2 O 

2.f(Xl0"” 

1710*200 

7.7x10"'5 

1 .2 

106 

#OH + CjHg - HjO ♦ CjHg 

1.9x10"” 

1260*250 

2.7x10"” 

1.25 

105 

#OH + CjHg H. HjO ♦ C^Hj 

1 .6x10"” 

800*250 

1.1x10"” 

1.5 

106 

lOH CjH), - products 

2.1x10"’^ 

-(600*150) 

8.0x10"” 

1.7 

107 

fOH * C 2 H 2 - products 

6.5x10"'2 

650*100 

7.3*10"” 

2 

108 

OH ♦ HjCO - HjO ♦ HCO 

1.0x10"” 

0*200 

1.0x10"” 

1.25 

109 

■OH * CH 3 OOH . products 

2 . 6 x 10"'2 

190*100 

1.6x10"” 

5.0 

110 

#0 ♦ C 2 H 2 * products 

2.9x10"” 

1600*300 

1.6x10"” 

1.3 

111 


■Indicates a change free the previous Panel evaluation (JPL 81-3) • 
flndlcates a new entry that was not In the previous evaluation. 
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Table 1. (Continued) 


Uncertainty 




■ NhHiM— 'mill— 


■SHTcTr 

0 + HgCO -» produota 

3.0x10“’’ 

1550*250 

1.6x10“’3 

1.25 

112 

•0 + CHj -*■ products 

1.I|X10“’° 

0*250 

1.Ux10“’® 

1.5 

113 

CHj ♦ O2 ^ products 

- 

- 

<1x10“’^ 

m 


CHj Og ” CH3O2 

(See Table 2} 





ICHjOH + Oj - CH2O -r HOj 

- 

- 

2x10"’2 

10 

115 

•CHjO + Oj - CH2O 4 . HO2 

1.2x10"’3 

1350*500 

1.3x10"’5 

10 

116 

•HCO ♦ Og - CO + HOj 

3.5x10"’2 

-(mo*iiio) 

5.5x10“’2 

1.3 

117 

#CH^ * 0 ^ ■* products 

- 

- 

7.0x10"’3 

6 

118 

#CHj 02 + Oj -► products 

- 

- 

<1x10“’’^ 


119 

•CHj 02 * CHj 02 -► products 

1.6x10“’3 

-(220*220) 

3.4x10“’3 

1.25 

120 

•CH3O2 + NC . CH3O + NOj 

t.2x10“’^ 

-(180*180) 

7.6x10"’® 

1.2 

121 

CH3O2 + NO2 !? CHjOgNOj 

(See Table 2) 





CH3O2 + HO2 . CH3OOH + O2 

7.7x10“’** 

-(i30o:f^go> 

6.0x10“’® 

3.0 

122 


(A 

0 

X 

Reactions 




•OH ♦ H2S - SH ♦ HjO 

5.9x10“’^ 

65*65 

4.7x10“'® 

1.2 

123 

•OH ♦ OCS ► products 

1 .3x10“’^ 

2300*500 

6.0x10“’^ 

10 

124 

OH * CS2 > products 

- 

- 

<1.5x10“’5 

- 

125 

OH + SOj HOSOj 

(See Table 2) 





•0 ♦ H2S . OH + SH 

1.0x10“” 

1810*550 

2.2x10“’** 

1.7 

126 

0 ♦ OCS ♦ CO ♦ SO 

2.1x10“” 

2200*150 

1.3x10"’** 

1.2 

127 

0 * C$2 * CS ♦ so 

3.2x10“” 

65U*15C 

3.6x10“’® 

1.2 

128 

•Indicates a change froa the 

previous Panel evaluation (JPL 81 

-3). 




#indlcatea a new entry that waa not In the previoua evaluation. 
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Table 1. (Continued) 



HMHIBi 

■Rmi 

■HHHi 

Uncertainty 

Factor/298K 

HiH 

0 + SH H 4. so 

- 

- 

1.6x10"''® 

5.0 

129 

#S + Oj-^ SO + 0 

2.3x10"’^ 

01200 

2.3x10"''2 

1.2 

130 

#S + O 3 ^ SO 4 O 2 

- 

- 

1.2x10"" 

2.0 

131 

#S + OH -► SO H 

- 

- 

6.6x10"" 

3.0 

132 

#S0 4 Oj - SO 2 + 0 

- 

- 

9.0x10"'® 

10 

133 

#S0 ♦ Oj 4 . sOj + Og 

3.2x10"’2 

1100^400 

7.9*10"''* 

1.5 

134 

ISO ♦ OH SO 2 + H 

- 

- 

8.6x10"" 

2.0 

135 

ISO + NOj -► SO 2 + NO 

- 

- 

1.4x10"" 

1.5 

136 

ISO + CIO SO 2 + Cl 

- 

~ 

2.3x10"" 

3.0 

137 

ISO + OCIO -* SO 2 + CIO 

- 

- 

1.9x10"'^ 

3.0 

137 

ISO + BrO - SO 2 + Br 

- 

- 

>4.0x10"" 

- 

137 

ISOg ♦ HOj produots 

- 

- 

<1.0x10"'® 

- 

13» 

CH ^02 * SO 2 •* produots 

- 

- 

<5.0x10“'’^ 

- 

139 

ISH + ©2 - OH + SO 

- 

- 

<3.2x10"'^ 

- 

140 

■Indicates a change fron 

the previous Panel 

eval atlon (JPL 

81-3). 




finaicates a new entry that was not in the previous evaluation. 
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NOTES IQ TABLE 1 

1. This recommendation Is based on the measurements of McCrumb and 
Kaufman (1972) and Davis aii (1973)« 

2« These recommendations are based on averages of the absolute rate 
constant measurements reported by Streit (1976), Davidson 

at Al. (1977) and Davidson at Ai. (1978) for NgO, HgO, CH^, Kg, 

Ngi ^2* ^3^ HC1| CClj|, CFCl^t ^^2* and wOgS by Amlmoto 

at a1« ( 1978 ), Amlmoto at a 1* (1979), and Force and Wiesenfeld 
(1il8la,b) for NgO, HgO, CH,,, Ng, Hg, Og, O 3 , COg, CCl^, CFCI 3 , 
CFgClg, and CFi|; by Wine and Ravlshankara (1981) and (1982) for 
NgO, HgO, Ng, Hg, 0^, COg, and CFgO; by Brock and Watson (1980) 
for Mp, Og and COgj by Lee and Slanger (1978 and 1979) fc: HgO and 
Og; and by Gericke and Comes (1981) for HgO. The weight of the 
evidence from these studies Indicates that the results of Heidner 
and Husain (1973), Heidner at Ai* (1973) and Fletcher and Husain 
( 1976 a, 1976 b) contain a systematic error. For the critical 
atmospheric reactants, such as NgO, HgO, ar..l CHj|, the recommended 
absolute rate constants are In good agreement with the previous 
relative measurements when compared with Ng as the reference 
reactant. A similar comparison with Og as the reference reactant 
gives somewhat poorer agreement. 

3 . The branching ratio for the reaction of 0(^D) with NgO to give 

Ng ■¥ Og or NO -f NO Is an average of the values reported by 
Davidson (1979); Volltrauer at (1979); Ha-^x et al. 

( 1979 ) and Lam £t Al- (1981). This result, ‘t>(Ng) = 1 .*;2, agrees 
well with earlier measurements of the Ng quantum yield from NgO 
photolysis: <f(Ng) s 1.4U (Calvert and Pitts 1966). 0(^D) translational 

energy and temperature dependence effects are not clearly resolved. 

4. Measurements by Zellner fiJt al- (1980) Indicate K+0.5 or -1)J of the 
0(^D) + HgO reaction products are Hg + Og. 


5^ The branching ratio for reaction of 0(^D) with CHj| to give OH + 

CH^ or CH2O + H2 Is from Lin and OeMore (1973)> A molecular beam 

study by Casavecchia gl. (I960) Indicates that an additional 
path forming CH^O (or CH2OH} * H may be Important. This 
possibility requires further Investigation. 

6. The branching ratio for reaction of 0(^0) with 0^ to give 0 ^ + Og 

or O2 0 + 0 Is from Davenport (1972). This Is supported 

by measurements of Amlmoto (1978) who reported that on 

average one ground state 0 Is produced per 0(^D) reaction with 
O^. It seems unlikely that this could result from 100H quenching 
of the 0(^D) by Qj. 

7. The reaction 0(^D) HCl may give a small amount of H 4- CIO 
products (Davidson al«» 1977). 

8. The haiocarbon rate constants are for total disappearance of 0 ('d) 

and probably Include physical quenching. Products of the reactive 
channels may include: CX^O * X, CX2O * l2> wi'^re 

X = H, F, or Cl In various combinations. Chlorine and hydrogen 
are more easily displaced than fluorine from halocarbons as 
indicated by approximately 100< quenching for CFjj. A useful formula 
for estimating 0(^D) removal rates by methane and ethane type 
halocarbons was given by Davidson si (1978): k(C„H^FjjClj,) = 

0.32a + 0.030b + 0.7*<c (in units 10“^*^ cm^ molecule"^ s"^). This 
expression does not work for molecules with extensive fluorine 
substitution. Some values have been reported for the fractions of 
the total rate of disappearance of 0(^D) proceeding through 
quenching and reactive channels. For CClij: quenching = (14-6)]( and 
reaction = (86-6)j(, (Force and Wiesenfeld, 1981); for CFCl^: quenching 
= (13-^)% and reaction r (87-^)S (Force and Hlesenfeld, 1981), quenching = 
(25-10)?, CIO formation = (60^15)? (Donovan, 1980); for CFgClg: 
quenching = (1*»^)? and reaction = (86-1lt)? (Force and 
Wlesenfeld, 1981), quenching = (20-10)?, CIO formation : (55-15)? 






(Donovan, 1980); for CF|): quenching = 100K (Force and Wleaenfeld, 198l). 

9. For the reactions of 0(^D) with CCI 2 O and CFCIO the recocnmended 

rate constants are derived from data of Fletcher and Husain (1978). 

For consistency, the recommended values for these rate constants 
were derived using a scaling factor (0.5) which corrects for the 
difference between rate constants from the Husain Laboratory and 
the recommendations for other 0(^D) rate constants In this table. 

The recommendation for CF 2 O Is from data of Wine and Ravishankara 
(1982). Their result is preferred over the value of Fletcher and 
Husain (1978) because It appears to follow the pattern of decreased 
reactivity with Increased fluorine substitution observed for other 
halocarbons. These reactions have been studied only at 298 K. 

Based on consideration of similar 0(^D) reactions. It Is assumed 
that E/R equals zero, and therefore the value shown for the A-faotor 
has been set equal to k(296 K). 

10. Sanders jal. (1980) have detected the product NH(aVj) in 
addition to OH formed In the reaction 0 ('d) + NHj. They report the 
yield of NH(a^:^) Is In the range 3-1 5> of the amount of OH 
detected. 

11. No experimental data are known for 0(^0) HF. k Is estimated to 

be large and not strongly temperature dependent, based on comparison 
with other 0(^D) reactions. The products OH + F are exothermic 
but quenching may also occur. 

12. The recommendation Is an average of the recent results of Lee al . 
( 1978 b) and Keyser (1979), which are in excellent agreement over 
the 200-^00 K range. An earlier study by Clyne and Honkhouse (1977) 
is In very good agreement on the T dependence in the range 300-650 K 
but lies about 60 % below the recommended values. Although we have 
no reason not to believe the Clyne and Honkhouse values, we prefer 
the two studies that are In exceller.^ agreement, especially since 
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they wore carried out over the T range of Intereat. Recent reeulta 
by Finlayson-Pltta and Klelndlenat (1979) agree well with the 
preaent recommendatlona. Reports of a channel forming HO2 0 
(Flnlayson-Pltts and Klelndlenat, 1979: and Force and 

Wlesenfeld, 1981b: ■.40}) have been contradicted by other atudlea 
(Howard and Flnlayaon-Pitts, I960: < 3}; Washlda a 1>, 1980a: 

< 6}; and Flnlayaon-Pltta At 1981: < 2}). Secondary chemlatry 
la believed to be reaponsible for the observed 0 atoms In this 
system. Washlda £t lil> (1980c) measured a low limit (< 0.1}) for 
the production of singlet molecular oxygen In the reaction H * 0^. 

13. The rate constant for 0 OH Is a fit to three temperature dependence 
studies: Westenberg AL. (1970a), Lewis and Watson (1980), and 
Howard and Smith (1981). This recommendation la consistent with earlier 

work near room temperature as reviewed by Lewis and Watson (1980). I 

. 

14. The recommendation for the 0 HO2 reaction rate constant is the 

average of two studies at room temperature (Keyser, 1982, and Srldharan \ 

5 

and Kaufman, 1982) fitted to the temperature dependence given by I 

Keyser (1982). Earlier studies by Hack a’.. (1979) and Burrows f 

,3 

fet al . (1977, 1979) are not considered, because the OH HgOg reaction | 

was important In these studies and the value used for its rate constant | 

In their analyses has been shown to be in error. Data from Lll AL ) 

al . (1980c) is not considered, because it is based on only four i 

I 

experiments and involves a curve fitting procedure that appears to 
be insensitive to the desired rate constant. 

15. Only one study of the 0 ♦ H2O2 reaction has been published 

(Davis AL 1974c). The recocunendation is based on their data, 

but the A factor has been increased (x3.6) because the experimental 
vnlue is low in comparison to similar atom-molecule reactions. The 
temperature coefficient has been adjusted to fit their rate constant 
at 298K. 

i 

j 

I* 
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16. The recoumendatlon for the OH + HO 2 rate constant has been 
changed. Three neH measurements at low pressure (1-3 torr) in 
discharge- flow systems all give values near 7 x 1 C~^^ ca^ 
molecule"^ s“^: Keyser (1981}, Srldharan et al. (19&1), 

and Temps and Wagner (1982). The latter two studies supersede 
earlier work which reported lower values from the same 
laboratories, Chang and Kaufman (1978) and Hack Al* (1978). 

Separate studies at pressures near one atmosphere obtain 

consistently a larger rate constant, about 1.1 x 10”^^: Lii 

Al Al* (1980a), Hochanadel Al Al* (1980), DeMore (1982), and 

Cox Al a1* (I 98 D. DeHore (1982) . eports rate constants that 

increase from about 7 x 10”^^ at 75 torr to about 1.2 x 10"^® at 

730 torr. The present recommendation is for a rate constant that 

Increases linearly with pressure from 7 x 10“' ’ at low pressure 

to 1.1 x 10~'^ at one atmosphere. Other studies by Burrows a 1 Al* (1981) 

Kurylo a1 a 1* (1981), and Thrush and Wilkinson (1981) agree with 

these values. Although this recommendation incorporates the most 

reliable and thorough studies, it has not been reconciled in terms of 

the current models of reaction rate theory. The observed pressure 

dependence implies the formation of an H20^ intermediate. 

Further direct studies of the temperature and pressure dependences 
and products of this reaction are required. 

17. The recommendation for the OH 0^ rate constant is based on 
the room temperature measurements of Kurylo (1973) and Zahniser 
and Howard (1980) and the temperature dependence studies of 
Anderson and Kaufman (1973) and Ravishankara Al Al* (1979b). 

Kurylo * 3 value was adjusted f- 8 >) to correct for an error in the 
ozone concentration measurement (Hampson and Garvin, 1977). The 
Anderson and Kaufman rate constants were normalized to k = 6.3 x 
10”'^ cm^ molecule"' s“' at 295K as suggested by Chang and Kaufman , 
(1978). 
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18. The recoonendation for the OH + OH reaction is the average of elt 
neasurementa near 298K: Weatenberg and de Haas (1973a)» MoKenzle 

(1973)1 Clyne and Down (1974)t Tralnor and von Hoaenberg 
(1974), Farquharaon and Smith (1980) and Wagner and Zellner (1981). 
The rate conatanta for theae atudlea all fall between (1.4 and 2.3) 
X 10“^^ cm3 molecule”^ 3”^. The temperature dependence Is from 
Wagner and Zellner, who reported rate constants for the range T « 
250-580K. 

1 9. There are extensive new data on the OH H2O2 reaction. The 
recommendation is a fit to the temperature dependence studies of 
Keyaer (1980b), Srldharan gl. (I960), Wine gt gi. (1981) and 
Kurylo g;t gl« (1982). The first two references contain a 
discussion of some possible reasons for the discrepancies with 
earlier work and an assessment of the impact of the new value on 
other kinetic studies. 

20. The OH H2 reaction has been the subject of numerous studies 
(see Ravishankara gt gi< (1981) for a review )f experimental and 
theoretical work). The recommendation is fixed to the average of 
nine studies at 298K: Greiner (1969), Stuhl and Niki (1972), 
Westenberg and de Haas (19736), Smith and Zellner (1974), Atkinson 
et gX. (1975), Overend gt gl-(1975), Tully and Ravishankara 
(1980), Zellner and Stelnert (1981), and Ravishankara g£ gl. 

(1981). The E/R is an average of five temperature dependence 
studies: Greiner (1969), Westenberg and de Haas (1973c), Smith and 
Zellner (1974), Atkinson gt gl. (1975), and Ravishankara gfc gl. 
(1981). 

21. The kinetics of the HO2 HO2 r«.actlon are very complex and a 
comprehensive picture of the reaction mechanism from either an 
experimental or a theoretical point of view has not developed. The 
reaction rate constant has been shown to have unusual pressure, 
temperature and water vapor dependences. There is general 
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agreement between investigators on the following aspects of the 
reaction at high pressures (P -1 atm): (a) the HO^ uv absorption 
cross section: Paukort and Johnston (1972), Cox and Burrows (1979)» 
Hochanadel (1980), and Sander b 1« (1982); (b) the rate 

constant at 300K: Paukert and Johnston (1972), Hamilton (1975), 
Hamilton and Lll (1977), Cox and Burrows (1979), Lli a 1. (1979)i 
Tsuchlya and Nakamura (1979), Sander Al* (1982), and Slmonaltls 
and Helcklen (1982) (all values fall in the range (2.5 to 4.7) x 
10"^^ cm^ molecule"^ s"^); (c) the rate constant temperature 
dependence: Cox and Burrows (1979), and Lii jai ai. (1979); (d) the 
rate constant water vapor dependence: Hamilton (1975), Hochanadel 
£Ji (1972), Hamilton and Lli (1977), Cox and Burrows (1979)» 
DeMore (1979), Lii £i al. (1981), and Sander at al. (1982); and 
(e) the formation of H 2 O 2 O 2 as the major products at 300 K: Su at 
ai- (1979), Niki at at. ( 198 O), Sander at at* (1982), and 
Slmonaltls and Hlecklen (1982); and (f) the H/D Isotope effect: 
Hamilton and Lll (1977) and Sander at al« (1982). At low pressures 
there are fewer results and less agreement between Investigators. 
Thrush and Hilki.nson (1979) report low rate constants at pressures 
between 2 and 4 torn that extrapolate to k ~ 0 at P s 0. Cox and 
Burrows (1979), and Lii at at- (1980b) observe no pressure 
dependence of the reaction between 25 and 760 torr and 400 and 1500 
torr, respectively, while Sander at al* (1932) and Slmonaltls and 
Helcklen (1982) see pressure dependence over a broader range and 
suggest k ' 1.6 X 10“^^ om^ molecule"^ 3 “^, when extrapolated to 
P = 0. The present recommendation is derived from the 298 K data 
for the pressure dependence in N 2 given by Sander at al* (1982) 
and Slmonaltls and Helcklen (1982) and the temperature dependence 
given by Cox and Burrows (1979) and Lll at al* (1979)* For systems 
containing water vapor, the factors given by Lii ai al* (1981) and 
Sander al al* (1982) can bs incorporated. Our recommendation must 
be used with caution because of major uncertainties in the behavior 
at low pressure and at low temperature and the products at low 
temperature. 


22. There Is only one direct study of the HO2 + 0^ reaction (Zahnlser 
and Howard, 1980). This Is the basis of the recoeiaendation. Three 
Indirect studies, all using HO2 HO2 as the reference reaction, 
are 'n good agreement when the negative temperature dependence of 
the reference reaction Is considered (Simonaitis and Helcklen, 

1973; DeHore and Tschulkow-Roux, 197^; and DeMore 1979). Another 
direct study would be valuable. The A factor is unusually low. 

23. Activation energy based on Becker 5I al- (1969). Value and 

uncertainty at 298K assigned from average of Clyne and Thrush 
(1961), Wilson (1967), Becker al- (1969), Clark and Wayne (1370) 
and Westenberg (1970b). Independen*' confirmation of the 

temperature dependence is needed. 

21). Recommendation based on results of Stlef al. (1979). Note that 

this Is an upper limit based on instrumental sensitivity. Results of 
Stlef at al. and Garvin and Broida (1963) cast doubt on the fast 
rate reported by Phillips and Schiff (1962). 

25. Recommendation is based on the results of Lee at (1978c). A 
recent study by Husain and Slater (1980) reports a room temperature 
rate constant 30 percent higher than the recommended value. 

26. Accepts the 298K results of Clyne and McDermid (1975) for both the 
value of the rate constant and the identity of the products. A recent 
study (Husain and Slater, I960) reports a room temperature rite 
constant value of 3.8 x 10“^^ cm^ molecule"^ s“* for the overall 
reaction of N with NO2. This high value may indicate the presence 
of catalytic cycles as discussed in Clyne and McDermid (1975). 
Clearly, temperature dependent studies are needed. 

27- Based on results of Davis /ii. (1973), Demand al. (197*») and 
Slanger fit (1973), there nay be a slight negative temperature 
coefficient, but the evidence at low temperature Is uncertain. 
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28. Baaed on study of Graham and Johnston (1978) and 298K and 329K. 
While limited in temperature range, the data indicate no 
temperature dependence. Furthermore, by analogy with the reaction 
of 0 with NO 2 , it is assumed that this rate constant is in fact 
independent of temperature. Clearly, temperature dependent studies 
are needed. 

29 . Based on Kaiser and Japan (1978). 

30 . Accepts the upper limit reported by Chapman and Wayne (197^). 

31. Changed from JPL 8 I- 3 . Recommended value is based on the study of 

Chang (1981). The previous recommendation was based upon 

the unpublished results of the same group. The large uncertainties 
in E/R and k at 298K are due to the fact that this is a single study 

32 . Changed from JPL 8l-3. The recommended Arrhenius expression is a 
least squares fit to the data reported by Blrks At a 1. (1976), 
Lippmann £t (1980), Ray and Watson (1981), and Michael £t al - 
(1981) at and below room temperature, with the data at closely 
spaced temperatures reported in Lippmann fit being grouped 
together so that these four studies are weighted equally. This 
expression fits all the data within the temperature range 1 95-304K 
reported in these four studies to within 20 percent. Only the data 
between 195 and 3 OI 4 K were used to derive the recommended Arrhenius 
expression due to the observed non-linear Arrhenius behavior (Clyne 
et fii. (196*1), Clough and Thrush (1967), Birks fil fii., and Michael 
et fii.). Clough and Thrush, Blrks fii fii., Scnurath fit fii. (1981), 
and Michael fit fii. have all reported Individual Arrhenius 
parameters for each of the two primary reaction channels. The 
range of values for k at stratospheric temperatures is somewhat 
larger than would be expected for such an easy reaction to study. 

The measurements of Stedman and Niki (1973) and Bemand fit fii (197*1) 
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of k at 298K are In excellent agreement with the recommended value 
of k at 298 k. 

33* The recommendation for HO 2 NO Is based on the average of six 

measurements of the rate constant near ro(xn temperature: Howard and 
Evenson (1977), Leu (1979), Howard (1979), Glaschick-Schimpf fit al. (1979), 
Hack fit fil. ( 1980 ), and Thrush and Wilkinson (I 98 I}. All of these 
are In quite good agreement. An earlier study from the Thrush 
Laboratory, Burrows fit fil. (1^79), has been dropped because of an 
error in the reference rate constant, k(OH + HgOg)* The 
temperature dependence Is from Howard (I 98 O) and Is in reasonable 
agreement with that given by Leu (1979). A high pressure study Is 
needed In view of the many unusual effects seen in other HOg 
reactions. 

34 . Value reported by Graham and Johnston (1978). 

35. Changed from JPL 81-3. Even though there have been several recent 
studies of this reaction, all of the reported data are not 
consistent. However, the data which are relevant for stratospheric 
conditions of temperature and pressure are In reasonable agreement. 

The recommended Arrhenius expression Is based on a least squares 
fit to the data reported by Wine fit fil> (1961b), Kurylo fit fil. 

( 1982 ), Margltan and Watson (1982), Marlnelll and Johnston ( 1982 ), 
Ravlshankara fit fil. (1982), and Jourdaln fit fil. (1982) at and 
below room temperature, i.e. -300K, but did not utilize the data 

of Smith and Zellner (1975), Margltan fit fil. (1975), Nelson fit fil. 

(1981) and Connell and Howard (1982). While the data of Margltan 
and Watson appear to be in good agreement with data reported in the 
other recent flash photolysis studies (Wine fit fil*, Kurylo fit fil., 
Ravlshankara fit fil. and Marlnelll and Johnston) it exhibits one 
rather significant difference, i.e., a small but measurable pressiu*e 
dependence which is greatest at low temperatures (a factor of 1.1 
increase in k from 20-100 torr He at 298 K, and a factor of 1.4 
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increase in k from 20-100 torr He at -235K). Consequently it is 
difficult to reconcile the data of Margltan and Watson with that of 
the other flash photolysis studies where no pressure dependence 
was observed. Although the low pressure discharge flow results of 
Jourdaln are in excellent agreement with the results from 

the higher pressure studies (at least below 300 K\ this agreement 
does not preclude a pressure dependence as the magnitude of tne 
effect at temperatures ^ 250 K is small in the range 1-40 torr 
(1 torr is a typical discharge flow tube pressure, and 40 torr is 
the typical flash photolysis pressure). The data of Margltan and Watson 
at 40 torr (He and Ar) at each temperature were used in deriving the 
recommended Arrhenius expression (data relevant to the mid- 
stratosphere and typical of the pressure conditions used in other 
flash photolysis studies). Under these conditions the data are in 
excellent agreement with ^he data froFi the other preferred studies. 

It should be noted that the 40 torr data is the average of all the 
data; consequently, the preferred value is not dependent upon which 
subset of Margltan and Watson data is used. The recent work of Helson 
£JL should be disregarded as it has been superseded by the 
more careful and comprehensive Marlnelll and Johnston study. However, 
it is not presently possible to explain the difference between tne data 
from the preferred studies and that from the discharge flow study of 
Connell and Howard, who determined a value for k at 301K of 8.4 x 10“^^ 
cm^ molecule s“^ (consistent with the earlier values of Smith 
and Zellner, and Margltan £jt Al.), in contrast to the recommended 
value of 12.5 x 10"^** cm^ molecule*’^ s”\ In addition 

Connell and Howard reported a value for E/R of -430K, in contrast to the 
recommended value of -778K and the earlier values of 2 ;ero. 

The recommended Arrhenius expression was derived using only data 
from -220-300K due to the non-linear Arrhenius behavior noted above 
300K in all the recent studies except Jourdain Al., who reported 
linear Arrhenius behavior from 251-403K. Harinelli and Johnston 
fit all their data (218-363K) to an Arrhenius expression, but curva- 
ture is noticeable and hence their value of -644K for E/R would be 
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greater over the temperature range 218-298K. this non-llnear 
Arrhenius behavior can easily be rationalized in terns of an 
addition channel (dominating at low temperatures), and an H atom 
abstraction channel (dominating at high temperatures). 

Nelson Jourdaln et al.. and Ravishankara aI* (1982) have 

all shown that within experimental evidence the yield of NO^ per HO 
removed is unity at 2 98 K. In addition Ravlshankara 
obtained similar product distribution results at 250 K. There is no 
evidence for the production of H2O2. 

36. Changed from JPL 81-3. Recommendation based upon the data of 

Trevor jai. (1981), Barnes (1981) and Molina £t al. 

(1982). Trevor at al., studied this reaction over the temperature 
range 2i«6-32U K and reported a temperature Invariant value of U.2 x 
10“^^ cm^ molecule"^ s“^, although a weighted least squares fit to 
their data yields an Arrhenius expression with an E/R value of 
(193-193) K. In contrast Molina at al«, studied the reaction 
over the temperature range 2i»2-295 K and observed a negative 
temperature dependence with an E/R value of -(650-50)K. An 
unweighted least squares fit to all the experimental data of 
Trevor at al., Barnes at al., and Molina at al. yields the 
recommended value. The large difference in E/R values may be due to 
the reaction being complex and having different E/R vaues at low 
pressure, i.e., <1 torr (Trevor at al.) and high pressures (750 
torr (Molina at al.)). The less precise value reported by 
Littlejohn and Johnston (1980) is in fair agreement with the recommended 
value. The error limits on the recommended E/R are sufficient to 
encompass the results of both Trevor at al* and Molina at al. 

37. Based on least squares fit to data in studies of Davis at al> 

(197'*b), Graham and Johnston (197m) and Hule and Herron (1974). 

38. Based on Kaiser and Japar (1977) and Strelt at gl. (1979). 
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39* Unchanged fnoqi JPL 8l-3< The results reported for k(298K) by 
Watson (1976)i ZahrJLser (1976), Kurylo and Braun 

(1976) and Clype and Nip (1976a) are In good agreement, and have 
been used to determine the preferred value at this temperature. 

The values reported by Leu and DeMore (1976) (due to the wide error i 

I 

limits) and Clyne and Watson (1974a) (the value is inexplicably ' 

high) are not considered. The four Arrhenius expressions are In 
fair agreement ylthln the temperature range 205-300K. In this 
temperature range, the rate constants at any particular temperature | 

agree to within 30-40%. Although the values of the activation I 

energy obtained by Watson j&I. and Kurylo and Braun are In | 

excellent agreement, the value of k in the study of Kurylo and | 

Braun Is consistently (-17%) lower than that of Watson | 

This may suggest a systematic underestimate of the rate constant, | 

as the values from the other three studies agree so well at 298K. A \ 

more disturbing difference Is the scatter In the values reported ! 

1 I 

for the activation energy (33&-831 cal mole" ). However, there 

Is no reason to prefer any one set of data to any other; therefore, >■ 

the preferred Arrhenius expression shown above was obtained by y 

computing the mean of the four results between 205 and 298K. ; 

Inclusion of higher temperature (<466K) experimental data would i 

yield the following Arrhenius expression: k = (3. 4^1.0) x 10“^^ 

exp(-310:i"76)/T). 


Vanderzanden and Blrks (1982) have Interpreted their observation 
of oxygen atoms in this system as evidence for some production 
(0. 1-0.5%) of O 2 (^^-g) in this reaction. The possible 
production of singlet molecular oxygen In this reaction has also been 
discussed by DeKore (1981), In connection with the CI 2 photo- 
sensitized decomposition of ozone. 

40. Minor change from JPL 81-3. This Arrhenius expression Is based on 
the data below 300K reported by Watson (1975), Lee ££ a1. 

(1977) and Miller and Gordon ( 198 I). The results of these three 
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studies are In excellent agreement below 300K; the data at higher 
temperatures are in somewhat poorer agreement. The results of 
Watson and those of Miller and Gordon agree well (after 

extrapolation) with the results of Benson £& (1969) end Steiner 

and Rldeal (1939) at higher temperatures. For a discussion of the 
large body of rate data at high temperatures see the review by 
Baulch ( 1980 ). Miller and Gordon also measured the rate of 

the reverse reaction, and the ratio was found to be in good 
agreement with equilibrium constant data. 

Unchanged from JPL 8 I- 3 . The values reported from the thirteen 
absolute rate coefficient studies for k at 298K fall in the range (0.99 to 
1.48) X 10"’^, with a mean value of 1.15 x 10“^-. However, based 
upon the stated confidence limits reported In each study, the range 
of values far exceeds that to be expected. A preferred average 
value of 1.04 x 10”^^ can bo determined from the absolute rate 
coefficient studies for k at 298K by giving equal weighting to the 
values reported in Lin si (1978a), Watson ai« (1976), 

Manning and Kurylo (1977)» Whytock at (1977), Zahniser at 
( 1978 ), Michael and Lee (1977), Keyser (1978), and Ravishankara and 
Wine (1980). The values derived for k at 298K from the competitive 
chlorination studies of Pritchard at (1954), Knox (1955), 

Pritchard at ( 1955), Knox and Nelson (1959), and Lin at 
( 1978 a) range from ( 0.95 - 1 . 13 ) x 10”^^, with an average value of 
1.02 X 10“^^. The preferred value of 1.04 x 10'^^ was obtained by 
taking a mean value from the most reliable absolute and relative 
rate coefficient studies. 

There have been nine absolute studies of the temperature dependence 
of k. In genial the agreement between most of these studies can 
be considered to be quite good. However, for a meaningful analysis 
of the reported studies it is best to discuss them in terms of two 
distinct temperature regions, (a) below 30 O K, and (b) above 300 K. 

Three resonance fluorescence studies have bee.n performed over the 
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teoperature ran£;e .200-500 K ( Why took jal. (1977)» Zahnlaer 

et (1978) and Keyser (1978)} and in each caae a strong non- 
linear Arrhenius behavior was observed. Ravisbankara and Wine 
(1980) also noted nonlinear Arrhenius behavior over a more limited 
temperature range. This behavior tends to explain partially the 
large variance in the values of E/R reported between those other 
investigators who predominantly studied this reaction below 300 K 
(Watson (1976) and Manning and Kurylo (1977)} and those 

who only studied it above 300 K (Clyne and Walker (1973). Poulet 
(197^)t and Lin ^ a).. (1978a)). The agreement between all 
studies below 300 K is good, with values of (a) E/R ranging from 
1229-1320 K, and (b) k(r;30 K) ranging from (2.64-3.32) x 10“'''*. The 
mean of the two discharge flow values (Zabniser stii Al* (1978) and 
fCeyser (1978)) is 2.67 x 10“***, while the mean of the four flash 
photolysis values (Watson aJL a 1* (1976), Manning and Kurylo (1977), 
Whytock At Al> (1977), and Ravlshankara and Wine (1980) is 3.22 x 
10“*** at 230 K. There have not been any absolute studies at stra- 
tospheric temperatures other than those which utilized the resonance 
fluorescence technique. Ravlshankara and Wine (I960) have suggested 
that the results obtained using the discharge flow and competitive 
chlorination techniques may be in error at the lower temperatures 
(<240 K) due to a non-equilibration of the ^P ^/2 ^^3/2 

states of atomic chlorine. Ravlshankara and Wine observed that at 
temperatures below 240 K the apparent blmolecular rate constant was 
dependent upon the chemical composition of the reaction mixture; 
i.e., if the mixture did not contain an efficient spin equillbrator, 
e.g. Ar or CClj|, the blmolecular rate constant decreased at high 
CKjj concentrations. The chemical composition in each of the 
flash photolysis studies contained an efficient spin equillbrator, 
Whereas this was not the case in the discharge flow studies. 

However, the reactor walls in the discharge flow studies 
could have been expected to have acted as an efficient spin equill- 
brator. Consequently, until the hypothesis of Ravlshankara and Wine 
is proven it is assumed that the discharge flow and compstltlve 



chlorination results are reliable. Above 3 OO K the three resonance 
fluorescence studies reported (a) "averaged" values of E/R ranging 
from 1530’«1623 K, and (b) values for k (500 K) ranging from (7.7^~ 

8 . 76 ) X 10“^3. These mass spectrometrlc studies have been per- 
formed above 300 K with E/R values ranging from 1409-1790 K. The 
data of Poulet (1974) are sparse and scattered, that of 

Clyne and Walker (1973) show too strong a temperature dependence 
(compared to all other absolute and competitive studies) and 
k(298 K) Is ^20i higher than the preferred value at 298 K, while 
that of Lin ( 1978 a) Is In fair agreement with the resonance 

fluorescence results. In conclusion, it should be stated that the 
best values of k from the absolute studies, both above and below 
300 K, are obtained from the resonance fluorescence studies. The 
ccxnpetltlve chlorination results differ from those obtained from the 
absolute studies In that linear Arrhenius behavior Is observed. 

This difference is the major discrepancy between the two types of 
experiments. The values of E/R range from 1503 to 1530 K, and 
k (230 K) from (2.11-2.54) x 10"^** with a mean value of 2.27 x 10"^**. 

It can be seen from the above discussion that the average values at 

230 K are: 3.19 x 10“^** (flash photolysis), 2.67 x 10“^** (discharge 

flow) and 2.27 x 10"^^ (competitive chlorination). These 

differences increrse at lowei temperatures. Until the hypothesis of 

Ravishankara and Wine (1980) Is re-examined, the preferred Arrhenius 

expression attempts to best fit the results obtained between 200 and 

300 K from all sources. The average value of k at 298 K is 1.04 x 

10“^^, and at 230 K is 2.71 x 10“^** (this Is a simple mean of 

the three average values). The preferred Arrhenius expression Is 

9.6 X 10“^^ exp(-1350/T) . This expression yields values 

similar to those obtained in the discharge flow-resonance 

fluorescence studies. If only flash photolysis-resonance 

fluorescence results are used then an alternate expression of 6.4 x 10”^^ (exp 

(-1220/T) can be obtained (k(298 K) = 1 .07 x lO"’^, and k(230 K) = 

3.19 X 10 “^'*). 




A rocent study (ilaneghan £1 aI. (1981)) using vary low pressure 
reactor techniques reports results from 233 to 338K in excellent 
agreement with the other rocent measurements. They account for 
the curvature in the Arrhenius plot at higher temperatures by 
transition state theory. Measured equilibrium constants 
are used to derive a value of the heat of formation of the methyl 
radical at 298K of 35.1^0.1 koal/mol. 

42. Unchanged from JPL 81-3. The absolute rate coefficients reported in 
all four studies (Davis £t (1970), Manning and Kurylo (1977), 

Lewis £jt (1980), and Ray £l (>980) are in good agreement 

at 298 K. The value reported by Davis £l a 1. was probably 
overestimated by -10)1 (the authors assumed that If was proportional 
to (Cl]®*^, whereas a linear relationship between If and [Cl] 
probably held under their experimental conditions). The preferre'* 
value at 298 K was taken to be a simple mean of the four values (the 
value reported by Davis .at Ai* was reduced by 10%), i.e., 5.7 x 10“'^. 
The two values reported for E/R are in good agreement; E/H * 61 K 
(Manning and Kurylo) and E/R = 130 K (Lewis At a 1»)» A simple 
least squares fit to all the data would unfairly weight the data of 
Lewis At Ai. due to the larger toroperatiu*o range covered. Tliereforo, 
the preferred value of ,7 x 10”'' exp(-90/T) Is an expression which 
best fits the data of Lewis At aJl< and Manning and Kurylo between 
2/0 and 350 K. 

43. New entry. This recommendation is based on results over the temperature 
range .?20-607K reported in the recent discharge flow-resonance 
fluorescence study of Lewis At ill* (1980). Those results are 
consistent with these obtained in the competitive chlorination 
studies of Pritchard aI a 1< (1955) and Knox and Nelson (1959). 

44. New entry. Since abstraction would be endothermic by 9 kcal/mol, 

the initial step must be addition to give an excited C-,H^C1 radical 
which either will bo stnbllltcd or will decompose to give the original 
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renctnnts. l.ee and Rowland (19?7)t in a high pressure study using 

radioactive tracer techniques, concluded that the initial addition oust ! 

occur once in not more than 5 collisions. They calculated that under | 

i 

donditlons corresponding to the stratosphere at 30 km the overall ■ 

conversion of Cl to stabilized C2II2OI proceeds with a rate ' 

ooofflclont of about 1 x 10“^^ om^ moleaulo"^ 3"^. Poulet aJt Jil. 

(1977) discuss their own earlier work using the disohargo flow-mass 
spoclrometrlo technique at 1 torr heliiun in whloh they report a 
value of (J.0-0.5) x 10“^^ independent of tomporaturo from 295-500K. 

ITioy point out that these results can be reconciled with those of 

Loo and Rowland If the efficiency of stabilization of excited | 

I 

C-,H-,C1 is 1/bOO at 1 torr helium. The rate constant given in the 1 

table Is foi’ the ovcrnll rate of conversion of Cl to a stabilized C2H2CI | 

radical under conditions of the stratosphere at 30 km. The probable ! 

fate of this radical is reaction with 0 -,, 

^ } 

I 

New entry. This recommendation is based on results obtained over the 
tomperaturo range 200-500K using the flash photolysis-resonance fluorescence 
technique in the only reported study of this reaction, Michael at 
ill. ( 1979b). This reaction has boon used as a source of CH-,0H and 
as a source of HOn by the reaction of CH->0H with 02» See Radford 
( 1980) and Radford jiL iii. (1981). 

46. Un''bnnged from .H’l, 8I-J. The results reported by both groups (Clyne 
anil Walker (1973), and Manning and Kurylo (1977)) are In good 
agreement at 298 K. However, the value of the activation energy 
measured by Manning and Kurylo Is significantly lower than that 
moasurod by Clyne and Walker. Both groups of workers measured the 
rate constant for the Cl CHq and, similarly, the activation energy 
measured by Manning and Kurylo was significantly lower than that 
measured by Clyne and Walker. It is suggested that the discharge 
flow-mass spectromeLrio technique was In this case subject to a systematic 
error, and it is recommended tliat the flusii photolysis results be used for 
st ratospberic calculations In the 200-300 K temperaturo range (see 
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dl'jcuaslon of the Cl CHjj studies). In the discussion of the 
Cl -t- CHj| reaction it was suggested that some of the apparent dis- 
crepancy between the results of Clyne and Walker and the flash photo- 
lysis studies can be explained by nonlinear Arrhenius behavior. 
However, It is less likely that this can be Invoked for this 
reaction as the pre-exponentlal A- factor (as measured In the flash 
photolysis studies) Is already -3 <5 x 10**^^ and the significant 
curvature which would be required In the Arrhenius plot to make the 
data compatible would result In an unreasonably high value for A 
(> 2 x 10"^°). 

47. Changed from JPL 81-3. The results from five of the six publlsheu 
studies (Michael a 1. (1979a), Anderson and Kurylo (1979), Nlkl 
et (1978a), Fasano and Nogar (1981) and Poulet (198I)} 

are In good agreement at -298K, but - 50 % greater than the value 
reported by Foon (1979). The preferred value at 298K (7.3 x 

10~^^) was obtained by combining the absolute values reported by 
Michael Anderson and Kurylo, and Fasano and Nogar, with the 

values obtained by combining the ratio of k(Cl + H2C0)/k(Cl + ^2^^ 
reported by Niki al. (1.3-0. 1) and by Poulet ai ai. (1.16^0.12) 
with the ^referred value of 5.7 x 10"*^ for k(Cl ♦ CgHg) at 298K. 
The preferred value of E/R was obtained from a least squares fit to all 
the data reported In Michael flJt ai* and in Anderson and Kurylo. 

The A-factor was adjusted to yield the preferred value at 298K. 

^8. litichanged from JPL 8I-3. The absolute rate coefficients determined 
at -298 K by Watson ai- (1976), Leu and DeMore (1976), 

Michael M. (1977), Poulet al. (1978a) and Keyser (1930a) 
range In value from (3. 6-6. 2) x 10“^3, ^he studies of Michael 
ct al.. Keyser, and Poulet jaJt al* are presently considered to 
be the most reliable. The preferred value for the Arrhenius 
expression is taken to be that reported by Keyser. The A-factor 
reported by Michael di. Is considerably lower than that expected 
from theoretical considerations and may possibly be attributed to 
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decomposition of H2O2 at temperatures above 30O K. The data 
of Michael ££ jbI. at and below 300 K are in good agreement with .the 
Arrhenius expression reported by Keyser. More data ore required 
before the Arrhenius parameters can be considered to be well 
established. 

49. New entry. This recommendation is based on results over the temperature 

range 243-365K using the discharge flow-mass spectrometric technique 
in the only reported study of this reaction. Cook (1981a). 

In 0 subsequent paper, Cook jit al. (1981b) argue that CI2 OH 
are the major products of this roactlor^ even though the reaction 
channel giving HCl CIO is more exotherblc. 

50. Unchanged from JPl. 81-3. Neither study (Leo and DeMore (1976), and 
Poulet it ill. (1976a)) can be considered to be definitive. Poulet 
it il. postulated that Leu and DoMore were observing removal of 
HNO^j via a heterogeneous process. While this hypothesis is 
possibly correct, the value of E/R repot ted by Poulet qX ill. la 
much higher than would be expected (resulting in a surprisingly low 
value for k at 296 K). Although this reaction is not important in 
atmospheric chemistry, additional studios are required to provide 
accurate Arrhenius parameters. Until further data becomes 
availablf, the preferred value Is baseJ on assuming that the data of 
Lou and DoMore represents an upper limit. 

b1. Changed from JPL 61-3. The rococunendii lions for the two reaction 

channels are based upon the recent ratults by Lee ?.nd Howard (1981) 
using a discharge flow system with laser magnetic resonance 
detection of HO^, OH and CIO. The total rate constant is 
temperature Independent with a value of (4. 2-0. 7) x 10"^^ cm^ 
molecule"' 3“' over, the temperature range 250-420K. This value 
for the total rate constant is In agreement with the value 
recommended In JPL 8l-3, which was based on indirect studies 
relative to Cl ♦ HtCt (Leu and DoMore (1976), Poulet at IlL* 
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(1978a), Burrows £t al. (1979) or to Cl + H 2 (Cox (1980)). 
contribution of the reaction channel producing OH + CIO (21K at 
room temperature) is much higher than the upper limit reported by 
Burrows si al* (IK of total reaction). The value of the rate 
constant for this channel, when combined with the rate constant for 
the reaction CIO OH (assuming the products are Cl H 02 )» yields 
an equilibrium constant of 1.0. This gives a value for the heat of 
formation of HO 2 at 298 K of 3.3 kcal/mo:. In reasonably good 
agreement with the Howard (1980) value of 2. 5-0 . 6 kcal/mole. Welssman 
ai. ( 1981 ) propose that the reaction proceeds by radical combination 
to give an excited HOOCl Intermediate whose stabilization may become 
important at stratospheric temperatures. 

52 . See note 51. 

53. Unchanged from JPL 81-3. The preferred value of 9.8 x 10“^' om^molecule”^s“ 

was determined from two independent absolute rate coefficient studies 
reported by Ray (1980), using the discharge flow-resonance 

fluorescence and discharge flow~mass spectrometrlc techniques. 

This value has been confirmed by Burrows and Cox (1981) who determined 
the ratio k(Cl + Cl20)/k(Cl H 2 ) = 6900 In modulated photolysis 
experiments. The earlier value reported by Basco and Dogra (1971) 
has been rejected. The Arrhenius parameters have not been experimentally 
determined; however, the high value of k at 298 K precludes a 
substantial positive activation energy. 

5*J. Unchanged from JPL 8l-3. Data reported by Bemand, Clyne and Watson 
( 1973). 

55 . Changed from JPL 81-3. Recent flash photolysis/resonance 

fluorescence studies by Hargltan (1982) show that the rate constant 
for this reaction Is almost two orders of magnitude faster than 
that indicated by the previous work of Kurylo and Hanning (1977) 
and Ravlshankara si ill. (1977b). It is probable that the slower 
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reaction observed by Kurylo and Manning was actually 0 + CINO^, 
not Cl + CINO3. 

56. Changed from JPL 81-3. This value Is based on the discharge flow- 
resonance fluorescence study of Clyne and Cruse (1972) and the 
flash photolysis-resonance fluorescence study of Nelson and Johhston 
(1981). Grlmley and Houston (I960) reported a value which Is lower 
than this preferred value by a factor of four. This low value may 
be due to adsorption of CINO on the vessel walls in their static 
experiment. There are no reliable data on the temperature dependence. 

57. Unchanged from JPL 8I-3. Values of 1.56 x 10“^®, 9.8 x 10“^^, and 

1.67 X 10“^® have been reported for ■*" ^100 Clg + 0^) by 

Johnston (1969)» Cox si (1979)i and Ashford al . 

(1978)» respectively. Values of 108, 20.9, 17, and 15 have been 
reported for k3(Cl + ClOO ‘ CI2 + 02)/k(Cl + ClOO - 2 CIO) by 
Johnston al., Cox sX. al-, Ashford at al>, and Nicholas and 
Norrlsh (1968). Obviously the value of IO8 by Johnston at al* ia 

not consistent with the others, and the preferred value of 17.6 was obtained 
by averaging the other three values (this is in agreement with a value 
that can be derived from a study by Porter and Wright (1953)). The 
absolute values of and are dependent upon the choice of AH° (ClOO) 

(the values of .'H^ (ClOO) reported by Cox at al> and Ashford at al. 
are in excellent agreement, l.e. 22.7 and 22.5 kcal/mol, 
respectively). The preferred value of kg(Cl ClOO CI2 + ©2) is 
taken to be the average of the three reported values, l.e. I.H x 
10“^*^ cm^ molecule”^ s“^ . Consequently, the preferred value 
of kfoCCl + ClOO * 2 CIO) is kg/17.6, i.e. 8.0 x 10“’^ cm^ 
molecule“'s“^ . The E/R values are estimated to be zero, which is 
consistent with other experimentally determined E/R values for atom- 
radical reactions. 

58. Unchanged from JPL 01-3. The recommended rate constant is based on 
the experimental data of Demand at al. (1973), Clyne and Nip (1976b), 
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and Zahnlser and Kaufman (1977)« The E/R values reported by Clyne and 
Nip and Zahnlser and Kaufman are In poor agreement. Before this 
rate constant can be considered to be well established, additional data 
are required. 

59. Minor change from JPL 81-3. The absolute rate coefficients deter- 
mined In the four discharge flow mass spectrocnetrlc studies (Clyne 
and Watson (197*»a), Leu and DeMore (1978), Ray and Watson (1981) 

and Clyne and KacRobert (1980)) and the discharge flow laser magnetic 
resonance study Lee £t fll. (1982) are in excellent agreement at 
298 k, and are averaged to yield the preferred value. The value 
reported by Zahnlser and Kaut'man (1977) from a competitive study 
1s not used in the derivation the preferred value as it is about 33t 

higher. The magnitudes of the temperature dependences reported by 
Leu and DeMore (1978) and Lee fit ai. are in excellent agreement. 

Although the E/R value reported by Zahnlser and Kaufman (1977) is 
in fair agreement with the other values, it is not considered as it 
is dependent upon the E/R value assumed for the Cl + 0^ reaction. 

The Arrhenius expression was derived from a least squares fit to 
the data reported by Clyne and Watson, Leu and DeMore, Ray and Watson, 

Clyne and MacRobert and Lee fit al . 

60. Unchanged from JPL 8l-3« There have been four low pressure discharge 
flow studies, each using a different experimental detection 
technique, and one high pressure molecular modulation study 
(Burrows and Cox, 1981) at 298 K. The values reported at 298 K, 

in units of 10“^^ cm^ molecule”^ s“^ , are 0.85-0.19 (Poulet fit fil., 

1978 ), 3 . 3^0. 5 (Relmann and Kaufman, 1 978), >».5“0.9 (Leek fit al.. 

I960), 6. 3-1. 3 (Stlmpfle fit fil., 1979), and 5.U*2 (Burrows and Cox, 

1981 ). The value of Poulet fit fil. was disregarded and the preferred 
value taken to be the mean of the other four values, l.e. k = 5.0 x 10“^^cm^ 
molecule"' 3 “' . The agreement between the low pressure values 
and the one atmosphere value suggests the absence of a third order 
complex forming process. The only temperature dependence study 
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(Stimpfle fii al.) resulted in a non-linear Arrhenius behavior. The 
data were best described by a four parameter equation of the form 
k = + CT**, possibly suggesting that two different mechanisms 

may be occurring. The expression forweirded by Stimpfle al. was 
3.3 X 10"'''' exp(-850/T) + »J.5 x lO"''^ (T/300)"3-7. two possible 
preferred values can be suggested for the temperature dependence of 
k; (a) an expression of the form suggested by Stimpfle at al«f but 
where the values of A and C are adjusted to yield a value of 5«0 x 
10"'^ at 298 K, or (b) a simple Arrhenius expression which fits the data 
obtained at and below 300 K (normalized to 5.0 x 10"^^ at 298 Kj, 
l.e., U.6 X 10"'3 exp(710/T). The latter expression is preferred. 

The two most probable pairs of reaction products are, (1) HOCl + Og 
and (?) HCl + O^. Both Leu (1980b) and Leok at used mass 
spectrometrlc detection of ozone to place upper limits of 1.5if (298 K), 
3.0? (2if6 K) and 2.0? (298 K), respectively, on kg/k. Burrows and Cox 
report an upper limit of 0.3? for kg/k at 300 K. 

61. Unchanged from JPL 81-3. Poulet at ill* (1980) have determined ar 
upper limit of 10"'^cm^molecule"'s"' for k at 298 K using the 
discharge flcw-EPR technique, 

62. Changed from JPL 81-3. This recommendation is based on the recent 
discharge flow-resonance fluorescence, temperature dependent, study of 
Ravishankara and Eisele (1982), and a similar study at room 
temperature by Leu and Lin (1979)« The preferred value at 298 K is 
the mean of the values reported in these two studies. The A-factor 

was adjusted to give the preferred value at 298 K. Leu and Lin determined 
a lower limit of 0.65 for k,(0H + CIO - HOg + Cl)/k (OH + CIO -*■ products) 
at 298 k. The approach was somewhat Indirect and the actual value 
of k^/k may be unity. If in fact it is unity, then the value of 
this rate constant and that for the reverse reaction (Cl + HOg -♦ 

OH + CIO) are consistent with the Howard (1980) value of. 2. 5-0. 6 
kcal/mol for the heat of formation of HOg, See note on Cl + HOg 
reaction. Additional studies of the rate and mechanism as a function of 
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pressure and temperature are needed. 

63 • Unchanged from JPL 81 »3. These upper limits are based on the data 
of Walker (reported in Clyne and Watson (197**a)), The upper limits 
shown for k ( 298 ) were actually determined from data collected at 
either 587 K or 670 K. The Arrhenius expressions were estimated 
based on this .600 K data. 

64. No recommendation at present. For a discussion of the CIO * CIO 
reactions the reader Is referred to Watson (1977» I960). 

65* Unchanged from JPL 81-3. The branching ratio between the two 
channels is not known, but, for the present discussion. Is 
assumed to be unity. The Arrhenius parameters were estimated, and 
the upper limit rate constants are based on data reported by DeHore, 
Lin and Jaffe (1976) and by Wongdontri-Stuper At al, (1979). 

66 . Unchanged from JPL 8l-3. There is good agreement between six 
groups of workers at -298K (Takacs and Glass (1973c), Zahnlser 
£t (1974), Smith and Zellner (1974), Ravlshankara et al. 

(1977a), Hack At (1977) and Husain At (1981)) and the 
preferred value at this temperature is the average of the six. The 
Arrhenius expression was derived by giving an equal weighting to 
data reported by Zahniser At Ravlshankara At and Smith 

and Zellner. 

67. Unchanged from JPL 81-3. There are no experimental data for this 

reaction. This is an estimated value based on the OH K 2 O 2 

reaction, which should have roughly similar E/R and A values. 

68 . There have been several studies of each of the OH + CHj^FyXj 

(X s Cl or Br) reactions, l.e. OH ♦ CH^Cl, CHgClj, CHCI 3 , CHFClj, 

CHFoCl, CH 2 CIF, and CH^Br, In each case there has been quite good 
agreement between the reported results (except for Clyne and Holt, 
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(1979b)), both at -298 K and as a function of temperature. However, 
In certain cases It can be noted that the E/R values obtained from 
studies performed predominantly above 298 K were greater than the 
E/R values obtained from studies performed over a lower temperature 
range, e.g. the E/R value for OH + CH^Cl reported by Perry fii al . 
(1976a) Is significantly higher than that reported by Davis et al. 
(1976). These small but significant differences could be 
attributed to either experimental error or non-linear Arrhenius 
behavior. The recent results of Jeong and Kaufman (1982) have shown 
a non-linear Arrhenius behavior for each reaction studied. They 
found that their data could best be represented by a three parameter 
equation of the form AT^exp(-BZT) . The experimental AT^exp(-B/T) 
fit is stated by the authors to be in agreement with that expected 
from transition state theory. 

The preferred values shown In this review were obtained by first 
fitting all of the absolute rate data for each reaction (except 
Clyne and Holt (1976b)) to the three parameter equation AT^exp(- 
B/T), and then simplifying these equations to a set of "derived 
Arrhenius expressions" centered at 265 K. The derived Arrhenius 
expressions were centered at 265 K as a temperature representative 
of the mid-troposphere. The AT^exp(-B/T) expressions are given 
for each reaction in the individual notes, while the "derived 
Arrhenius expressions" are entered in the table of preferred values. 
Obviously "derived" Arrhenius expressions can be centered at any 
temperature from the three parameter equations (these should be 
restricted to within the temperature range studied). Transforming 
k = AT^exp(-B/T) to the form k = A'exp(-E/T): E* = B + 2T and 
A* = A X e^ X T^. 


OH ♦ CH 3 CI 

Unchanged from JPL 81-3. The preferred values were obtained using 
only absolute rate coefficient data. The data of Howard and 
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Evenson (1976a), Davis fii al- (1976), Perry aJL. (1976), and Jeong 
and Kaufman (198^) are in good agreement and were used to determine 
the preferred values. Fitting the data to an expresaior; of the form 
AT^exp(-B/T) results In the equation 3»49 x 10"'® T^exp(-582/T) 
over the temperature range (2it7-**83)K. This results In a preferred 
value of ll.JJO x 10"'*'cm^ Qolecule"'s"' for k at 298 K. The derived 
Arrhenius expression centered at 265 K is 1t8l x 10”'^exp(-1 1 12/T) , 


OH + CHjClg 

Unchanged from JPL 81-3. 7116 preferred values were obtained using 

only absolute rate coefficient data. The accuracy of the OH + CHjj/ 
OH + CH2C12 study (Cox fil ill* 1976a)) was probably no better than 
a factor of 2. The data of Howard and Evenson (1976a), Davis 
(1976), Perry it ai. (1976a), and Jeong and Kaufman (1982) are In 
good agreement and were used to determine the preferred value (the 
values of Davis it are somewhat lower (20%) than those reported 
in the other studies but are Included in the evaluation). Fitting 
the data to an expression of the form AT^exp(-B/T) results in the 
equation 8. 58 x 10"'® T^exp(-502/T) over the temperature range 
245-1)55 K. This results in a preferred value of 1.41 x lO'^^cm^ 
molecule”' s“' for k at 298 K. The derived Arrhenius expression 
centered at 265 K is 4.45 x 10"'^exp(-1032/T) . 

OH * CHClg 

Unchanged from JPL 81-3- The preferred values were obtained using 
only absolute rate coefficient data. The accuracy of the OH ♦ CH|j/ 
OH + CHCl^ study (Cox it ii. (1976a)) was probably no better than 
a factor of 2. The data of Howard and Evenson (1976a), Davis it 
(1976) and Jeong and Kaufman (1982) are in good agreement and were 
used to determine the preferred values. Pitting the data to an 
expression of the form AT^exp(-B/T) results in the equation 6.3 x 
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10"' ®exp(-504/T) over the temperature range 245-487 K. This results 
in a preferred value of 1.03 x 10"'^cm3molecule"'s”' for k at 298 K. 

The derived Arrhenius expression centered at 265 K is 3»27 x 10"'^ 
exp(-1034/T). 

OH + CHFClg 

Unchanged from JPL 8l-3« The preferred values were derived using the 
absolute rate coefficient data reported by Howard and Evenson 
(1976a), Perry al* (1976a), Watson ££ al* (1977)i Chang and 
Kaufman (1977a), and Jeong and Kaufman (1982). The data of Clyne 

■ 

and Holt (1979b) was not considered as it is in rather poor 
agreement with the other data within the temperature range studied; 
e,g. there is a difference of - 65 % at 400 K. fitting the data to 
an expression of the form AT^exp(-B/T) results in the equation 
1.71 X 10"'^ T^exp(-483/T) over the temperature range 241-483 K. 

This results in a preferred value of 3«0 x 10"'**cm3molecule"'s"' 
for k at 298 K. The derived Arrhenius expression centered at 265 K 
is 0.89 X 10"'2exp(-1013/T). 

OH + CHFgCl j 

i 

Unchanged from JPL 81-3. The preferred values were derived using ; 

the absolute rate coefficient data reported by Howard and Evenson \ 

(1976a)j Atkinson ai. (1975), Watson (1977), Chang and • 

Kaufman (1977a), Handwerk and Zellner (1978), and Jeong and Kaufman ■ 

(1982), which are in good agreement. The data of Clyne and Holt i 

(1979t) was not considered as it is in rather poor agreement with 

the other data within the temperature range studied, except at 298 K '] 

(the reported A-factor of -1 x 10""cm^molecule"'s”' is i 

inconsistent with that expected theoretically).. Fitting the data 
to an expression of the form AT exp(-B/T) results in the equation 
1.51 X 10"'^ T^exp(-1000/T) over the temperature range 250-482 K. 

This results in a preferred value of 4.68 x 10"'^cm^molecule"'s"' 
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for k at 298 K. The derived Arrhenius erpression centered at 265 K 
la 0.78 X 10"''2exp(-1530/T). 

OH + CHgFCl 

Unchanged from JPL 81-3. The preferred values were derived using the 
absolute rate coefficient data reported by Howard ard Evenson 
(1976a)i Watson ^ (1977)i Handwerk and Zellner (1978), and 

Jeong and Kaufman (1982) which are In fair agreement. Fitting the 
data to an expression of the form AT^exp(-B/T) results in the 
equation 3.77 x 10"^® T^exp(-604/T) over the temperature range 
245-486 K. This results In a preferred value of 4.41 x 10"^^ cm^ 
molecule"^ s"^ for k at 298 K. The derived Arrhenius expression 
centered at 265 K Is 1.96 x 

69. Unchanged from JPL 81-3. This evaluation Is based on the recent 
data of Jeong and Kaufman (1979) and Kurylo £jt ^ (1979). Their 
results are in excellent agreement over the temperature range 
250-460 K. The earlier results of Howard and Evenson (1976b), 

Watson ( 1977)1 Chang and Kaufman (1977a) and Clyne and Holt 

(1979a) were discounted In favor of the recent results. The earlier 
results showed higher values of the rate constant, and lower E/R 
values. This may be Indicative of the CH^CCl^ us.-d In the early studies 
being cont-amlnated with small amounts of a reactive oleflnic 
Impurity. 

70 . Unchanged from JPL 61-3. The preferred value at 298 K Is a mean of 
the values reported by Howard (19/6) and Chang and Kaufman (1977a). 

The value reported by Winer ai. (1976), which is more than a 

factor of 10 greater, is reJcJted. The preferred Arrhenius parameters 
are those of Chang and Kaufman. 

71 . Unchanged from JPL 81-3. The preferred value at 298K Is a mean of 
the values reported by Howard (1976) and Chang and Kaufman (1977a). 
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The vaJue derived from a relative rate coefficient study by Winer 

(1976} Is a factor of about -2 greater than the other values and 
Is not considered In deriving the preferred value at 298 K. The 
Arrhenius parameters are based on those reported by Chang and Kaufman 
(the A* factor Is reduced to yield the preferred value at 298K). 

72. Unchanged from JPL 81-3. The A-factor was estimated, and a lower 
limit was derived for E/R by using the upper limits reported for 
the rate constants by Chang and Kaufman (1977b) at about -U80 K. 

These expressions are quite compatible with the upper limits 
reported for these rate constants by Atkinson ££ fll. (1975), 

Howard and Evenson (1976a), Cox si (1976a) and Clyne and Holt 
(1979b). None of the Investigators reported any evidence for 
reaction between OH and these chlorofluoromethanes. 

73* Unchanged from JPL 81-3. The results reported by Zahnlser fit al. 

(1977) and Ravlshankara £t iLl> (1977b) are in good agreement at 
-245K (within 25?), considering the difficulties associated with 
handling CIONO2. The preferred value Is that of Zahnlser £t al. 

Neither study reported any data on the reaction products. 

74. Minor change from JPL 8l-3. Fair agreement exists between tne 
results of Brown and Smith (1975), Wong and Belles (1971), 

Ravishankara fit (1977a), Hack fit fit. (1977) and 
Singleton and Cvetanovic (1981) at 300K (some of the values for k 
(300K) were obtained by extrapolation of the experimentally 
determined Arrhenius expressions), but these are a factor of 
-7 lower than that of Balakhnin fit ai. (1971). 

Unfortunately, the values reported for E/R are In complete 
disagreement, ranging from 2260-3755K. The preferred value 
was based on the results reported by Brown and Smith, Wong and 
Belles, Ravishankara fit fii., Hack fit fil. and Singleton 
and Cvetanovic but not these reported by Balakhnin fit fil. 
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75< Unchanged from JPL 81-3< There are no experimental data; this Is 
an estimated value based on rates of O~atom reactions with similar 
compounds. 

76. Unchanged from JPL 8l-3> The results reported by Molina £jt a1. 

(1977b) and Kurylo (1977) are In good agreement, and this data has 
been used to derive the preferred Arrhenius expression. The vedue 
reported by Ravlshankara (1977b) at 2U5K Is a factor of 2 

greater than those from the other studies, and this may possibly be 
attributed to (a) secondary kinetic complications, (b) presence of 
N 62 as a reactive Impurity In the CIONO 2 , or (c) formation of 
reactive photolytlc products. None of the studlss reported identi- 
fication of the reaction products. The recent room temperature 
result of Adler-Golden and Wiesenfeld (1981) Is In good agreement 
with the recommended value. 

77 . This recommendation is based on results obtained by Mizlolek and 
Molina ( 1978 ) over tne temperature range 236-295K In a discharge 
flow system under pseudo first order conditions for 0 atom decay. 

The values reported by Basco and Dogra (1971a) and Freeman and Phillips 
( 1968 ) have not been included in the derivation of the preferred va’ue 
due to data analysis difficulties in each of these studies. 

78 . Unchanged from JPL 81-3. Arrnenlus expression was estimated based 
cn 298 K data reported by Bemand, Clyne and Watson (1973). 

79. Unchanged from JPL 81-3. Arrhenius expression was estimated based 
on 298K data reported by Bemand, Clyne and Watson (1973). 

80. Unchanged from JPL 81-3. The results reported for k (298K) by 
Clyne and Watson ( 1975 ), Leu and DeMore (1977), Michael ai 
( 1978 ) and M.chael and Payne (1979) are in excellent agreement. 

The preferred value at 298K is derived by taking a simple mean of 
these four values. The temperature dependences reported for k by 
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Leu and DeMoro, Michael £jt and Michael and Payne can only be 
considered to be In fair agreement. There Is a spread of 25} In k 
at 220K and 50} at 360K. Although the results reported by Michael 
et and Michael and Payne are In good agreement, there is no 
reason at present to discard the results of Leu and DeMore. Therefore, 
until further results are reported, the preferred value was synthesized 
to b<<st fit all the data reported from these four studies. 

81. Minor change from JPL 8l-3. Using the discharge flow-mass spectrometric 

technique Leu (1980a), and Posey ££ (1981) determined an upper 

limit for k of -2 X 10“'^ at -298 K. Leu also reported an upper 

limit for k of 3 X 10”^- at 417 K. An estimate of the Arrhenius 
expression would be <1 x lO'^^expC-PSOO/T). The A- factor was chosen 
to be consistent with that determined for the Cl + H 2 O 5 reaction, 
ami the C/R veilue was calculated to yield the upper limit at 298 K. 

82 . Changed from JPL 81-3. There have been two studies of this rate 
constant as a function of temperature; Nava at ill. (1981), using 
the flash photolysis-resonance fluorescence technique, and Poulet 
at fli- ( 1981 ), using the discharge flow-mass spectrometric 
technique. These results are in reasonably good agreement. The 
Arrhenius cxprcsrlon was derived from a least squares fit to the 
data reported In these two studies. The higher room temperature 
value of LeBras £t ai- (1980) using the discharge flow - EPR 
technique has been shown to be In error due to secondary chemistry 
( Poulet it jii* ) • 

83 . Posey it ili. ( 1981 ) used the discharge flow-mass spectrometric 
technique to determine a value of 2 x 10“^^ (-factor of 2) for k at 
298 K. This value seems low for an atom-radical reaction; for 
example. It is two orders of magnitude lower than the corresponding 
reaction of HO^ with Cl. Therefore, until there is additional 
data, it Is suggested that this be used as a lower limit. 
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8>i. Unchanged from JPL 81>3. The preferred value Is based on the value 
reported by Clyne (1976). This value appears to be quite 

reasonable In light of the known reactivity of CIO radicals with 
atomic oxygen. The temperature dependence of k is expected to be 
small for an atom-radical process, e.g. , 0 CIO. 

85. Unchanged from JPl, 8l-3. The results repv. ted by Clyne and Watson 
(1977) and Baaco and Dogra (1971b) differ not only in the magnitude 
of the rate constants, but also In the interpretation of the 
reaction mechanism. The preferred value is that reported by Clyne 
and Watson. The temperature dependence for such processes Is 
expected to be small, as for BrO + BrO. Although the second 
reaction channel Is shown proceeding directly to Br Cl O 2 , It 
may proceed through Br + Cl 00 (aH° = -6.6 kcal/mol"’^) or Cl ♦ BrOO 
(AH° unknown). 

86, Unchanged from JPL 8 I- 3 . The results of the three low pressure 
mass spectrometrlc studies (Clyne and Watson (1975), Ray and Watson 
(1981) and Leu (1979) and the high pressure uv absorption study 
(Watson ai. ( 1 97 9)), which all used pseudo first-order 
conditions, arc In excellent agreement at 298 K, and are thought 

to be much more reliable than the earlier low pressure uv absorption 
study (Clyne and Cruse (1970b)). The results of the two temperature 
dependence studies are in good agreement and both show a small 
negative temperature dependence. The preferred Arrnenius expression 
was derived from a least squares fit to all the data reported in 
the four recent studies. By combining the data reported by Watson 
ot al . with that from the three mass spectrometrlc studies. It 
can be shown that this reaction docs not exhibit any observable 
pressure dependence between 1 and 700 torr total pressure. The 
temperature dependences of k for the analogous CIO and HO 2 reactions 
are also negative, and are similar in magnitude. 
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87> Changed from JPL 8l-3« There are two possible blmolecular channels 
for this reaction; BrO BrO 2Br + Og (k^) and BrO + BrO Brg + Og 
(k 2 )» The total rate constant for disappearance of BrO (k = k^ -f 
k 2 > has been studied by a variety of techniques, including discharge 
flow-ultraviolet absorption (Clyne and Cruse, 1970), discharge 
flow-mass spectrometry (Clyne and Watson, 1975) and flash 
photolysis-ultraviolet absorption (Basco and Dogra, 1971; Sander 
and Watson, 1981b). Since this reaction is second order in [BrQl. 
those studies monitoring [BrO] by ultraviolet absorption req>*lred 
the value of the cross section o to determine k. There is 
substantial disagreement in the reported values of o. Although the 
magnitude of o is dependent upon the particular spectral transition 
selected and instrumental parameters such as spectral bandwidth, 
the most likely explanation for the large differences in the 
reported values of o is that the techniques (based on reaction 
atoichlometrles) used to determine o in the early studies were used 
incorrectly (see discussion by Clyne and Watson). The recent study 
of Sander and Watson used totally Independent methods to determine 
the values of o and (o/k). The recommendations for k| and k 2 
are consistent with a racommendatlon of k s 1.14 x 10“^^ 
exp(+255/T) cm^ molecule”^ s“\ This temperature dependence is the 
corrected value from Sander and Watson, and the pre-exponential has 
been chosen to fit the value of k(298K) = 2.7 x 10”^^ cm^ molecule"^ 
s“^, which is the average of the values reported by Clyne and 
Watson (the mass speotrometric study where knowledge of o is not 
required) and by Sander and Watson (the recent absorption study). 
There was no observable pressure dependence from 50 to 475 torr in 
the latter study. In a recent study, Cox al- (1982) used the 
molecular modulation technique with ultraviolet absorption to 
derive a femparature independent value of k 2 which is 50 percent 
greater than the.298K value recommended here. 

The partitioning of the total rate constant into its two 
components, k^ and k 2 « has been measured by Sander and VJatson 
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at 298 K, by Jaffe and Malnqulst (1980) from 258 to 333K, and by Cox 
( 1982 } from 278 to 3^8K. All are In agreement that k^/k s 
0.64^0.03 at 298 K. In the temperature dependent studies the 
quantum yield for the bromine photosensitized decomposition of 
ozone was measured. Jaffe and Mainquist observed a strong, j ' 

unexplained dependence of the quantum yield at 298K on [Br 2 ], and ; 

their results were obtained at much higher [Br 2 ? values than were 
those of Cox This makes a comparison of results difficult. 

From an analysis of both sots of temperature dependent data, the 

following expressions for k^/k were derived: 0.98 exp(-*(lJ/T) (Jaffe j 

and Mainquist); exp(-163/T) (Cox£l^); and 1.18 exp(-IOVT) ' 

(mean value). This mean value has been combined with the 

expression for k given above to yield the expression for k^ shown 

in the table. The expression for k 2 results from the numerical 

values of kj at 200K and 3 OOK derived from the evaluation of these 

expressions for k^ and for k(=k^ + k 2 ). y 

88. Unchanged from JPL 8 I- 3 . Based on a study reported by Sander and 

Watson ( 1981 b). Clyne and Cruse (1970a) also reported an upper limit ' 

of 8 X 10”^^cm^moleciile“^ s“^ for this reaction. Both studies i 

reported that there is no evidence for this reaction. The analogous 

CIO reaction has a rate constant of <10“' ®cm^molecule“^ s"^ . 

89 . Unchanged from JPL 8 I- 3 , Value chosen to be comparable with the 
value of k(C10 + HO^) at 298 K, as there are no experimental data. 

The uncertainty factor in k at 290 K precludes the need to estimate 
the temperature dependence in k, as it would have a smaller 
magnitude than the uncertainty over the temperature range of the 
stratosphere. 

90 . Unchanged from JPL 8l-3. Value chosen to be consistent with 
k(C10 OH), due to the absence of any experimental data. 
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91 • Changed from JPL 81-3. Takaca and Glass (1973a) and Jourdaln 
( 1 981 ) used the discharge flow - EPR technique and 
reported k (298K) to be 5.1 and 9.2 x 10“^^ em^ molecule"^ s"^, 
respectively. Ravlshankara ££ a 1« (1979a) and Husain Ai. (1981) 
used the flash photolysis-resonance fluorescence technique and 
reported values of 11.9 and 6.0 x 10“^^ cm^ molecule”^ s”\ 
respectively. The preferred value of k (298K) Is taken to be a 
simple mean of these four values. The data reported by Ravlshankara 
et show that the rate constant exhibits no temperature 
dependence be wf* cen 249-416K. 

92. Unchanged from JPL 81-3. The absolute rate coefficients determined 

by Howard and Evenson (1976a) and Oavls (1976) are in 

excellent agreement at 298 K. The same approach has been used to 
determine the preferred Arrhenius parameters as was used for the 

OH + CHjjFyCljj_jj_y reactions. Fitting the data to an expression 
of the form AT^exp(-B/T) results In the equation 1.17 x 10”^® 
T^exp(-295/T) over the temperature range 244-350 K. This results 
In a preferred value of 3.86 x lO'^^cm^molecule-^s”^ for k at 298 K. 
The derived Arrhenius expression centered at 265 K is 6.09 x 10"^^ 
exp(-825/T). 

93. Unchanged from JPL 81-3. As the values reported for k at 298 K 
(Takacs and Glass (1973b), Brown and Smith (1975) and Singleton and 
Cvetanovlc (1978)} are In fair agreement, the mean Is taken to be 
the preferred value. The agreement between the values deduced from 
the reported Arrhenius expressions (Brown and Smith (1975) and 
Singleton and Cvetanovlc (1978)) at stratospheric temperatures 

Is rather poor; e.g. , the values differ by -70% at 250 K. The 
preferred value has been synthesized to best fit both sets of data 
between 250 and 400 K. The A-factor derived for the preferred 
expression and that reported by Brown and Smith appear to be lower 
than would be expected. This, combined with the absence of data 
at stratospheric temperatures, leads to considerable uncertainty in 
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the values of k between 200 and 260 K. 

94. Unchanged from JFL 81-3. The only experioental data is that 

reported by Wagner ££ al- (1972). Value £.ppears to be quite 
reasonable in view of the well known reactivity of atonic chlorine 
with 0^. 

95. Minor change from JPL 81-3. The value of k at 298K seems to be well 

established with the results reported by Homann (1970), 

Warnatz (1972), Zhltneva and Pshezhetskii (1978), Heidner 

(1979, 1980), Wurzberg and Houston (198O), Dodonov 

I 

(1971), Clyne al. (1973)i Bozzeill (1973), and Igoshin al- 
(1974), being in excellent agreement (range of k being 2.3-3. 3 x 10“^^ 
cm3 molecule"^ s~^>. The preferred value at 298K is taken to be the 
mean of the values reported in these references. The magnitude of the 
temperature dependence is not quite as well established with values of 
E/R ranging from 433-755K (Homann ai», Warnatz al.» Heidner 
et ai. f Wurzburg and Houston, Igoshin al. ) • The preferred 
value of E/R is taken to be the mean of the results from all of the 
studies. The A-factor was calculated by taking E/R to be 570K, and 
k at 298K to be 2.8 x 10“^^ cm^ molecule”^ s“^. 

96. Unchanged from JPL 8I-3. The three absolute rate coefficients 

determined by Wagner ai ai« (1971), Clyne at ai. (1973) and Kompa 
and Wanner (1972) at 298 K are in good agreement; however, this 
may be somewhat fortuitous as the ratios of k(F + H2)/k(F CH||) 

determined by these same groups can only be considered to be in fair 
agreement, 0.23, 0.42 and 0.88. The values determined for k (298) 
from the relative rate coefficient studies are also in gooa 
agreement with those determined in the absolute rate coefficient 
studies, and the value of 0.42 reported for k(F K2)/k(F + CHjj) 

by Foon and Reid (1971) is in good agreement with that reported by 
Clyne ai. The preferred value of 8.0 x 10“^^ for k (298) is a 
weighted mean of ail the results. The magnitude of the temperature 
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dependence is somewhat uncertain. The preferred Arrnenlus 
parameters are based on the data reported by Wagner and 

Foon and Reid, and the preferred Arrhenius parameters of the F Hg 
reaction. This reaction has recently been reviewed by both Foon 
and Kaufman (1975) and Jones and Skolnlk (1976). A-factor may be 
too high. 

97. Unchanged from JPL 81-3. This is the value of Zetzsch (1971) which 
was reporteu in the review of Jones and Skolnlk (1976). The 
reactivity appears to be somewhat lower than might be expected for 
such a hydrogen abstraction reaction (see review of Foon and Kaufman 
(1975). 

98. Unchanged from JPL 8l-3. This is the value reported by Ray and 
Watson (1981) for k at 298K using the discharge flow-mass spectro- 
metrlc temnique. The temperature dependence of k is expected to 
be small for such a radical-radical reaction. The temperature 
dependences of k for the analogous CIO and BrO reactions have been 
reported to be negative, with E/R preferred values of -29*1K and 
-265K, respectively. 

99. Unchanged from JPL 81-3. Although the value of k (FO + FO) reported 
by Clyne and Watson (197^b) was obtained in a more direct manner 
than that of Wagner j&i al. (1972), and as such is less suscept5ble 
to error due to the presence of complicating secondary reactions 
and thus would normally be preferred, the value to be recommended 

in this assessment is a weighted average of the two studies. From 
the data of Wagner al.. it can be seen that the dominant reaction 
channel is that producing 2F > Og. However, their data base is not 
adequate to conclude that it is the only process. 

100. Unchanged from JPL 61-3. The FO * 0^ reaction has two possible 

pathways which are exothermic, resulting in tbe productlor of F 4- 2 
Og or FOg * Og. Although this -eactirn has not been studied in a 
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simple, direct manner, two studies of complex chemical systems have 
inferred some kinetic Information about it,. Starrlco (1962) 

measured quantum yields for ozone destruction in 
and attributed the high values, -4600» to be due to the rapid 
regeneration of atomic fluorine via the FO ♦ O^-*- F + Og reaction. 
However, their results are probably also consistent with the chain 
propagation process being FO + FO -*■ 2 F + Og (the latter reaction 
has be ;n studied twice (Wagner (1972), Clyne and Watson 

(197»»b)), but although the value of [Flproduced-'tf’OJconsumed 
known to be close to unity, it has not been accurately determined. 
Consequently it is impossible to ascertain from the experimental 
results of Starrieo ai- whether or not the high quantum yields 
for ozone destruction should be attributed to the FL + 0^ reaction 
producing either F + 2 Og or FOg + Og (this process is also a chain 
propagation step if the resulting FOg radical preferentially reacts 
with ozone rather than with either FO or itself). Wagner 
utilized a low pressure discharge flow-mass spectrometric system to 
study the F + 0^ and FO + FO reactions by directly monitoring the 
time history of the concentrations of F, FO and 0^. They concluded 
that the FO + 0^ reaction was unimportant in their system. However, 
their paper does not present enough information to warrant this 
conclusion. Indeed, their value of k(F0 + FO) of 3 x 10"^^ is 
about a factor of 4 greater than that reported by Clyne and Watson, 
which may possibly be attributed to either reactive impurities being 
present in their system, e.g., 0(^P), or that the FO + 0^ reactions 
ware not of negligible Importance in their study. Consequently, 
it is not possible to determine a value for the FO ♦ 0^ reaction 
rate constant from existing experimental data. It is worth 
noting that the analogous CIO -i- 0^ reactions are extremely slow 
(<1 0“^ ®cm^molecule“^ ) (DeMore si aJL* (1976)), and upper limits 
of 8 X 10“^** (Clyne and Cruse (1970a)) and 5 x lO^^^cm^molecule'^s”^ 
(Sander and Watson (1981b)) have been reported for BrO + Oj. 
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101. Unchanged from JPL This estimate Is probably accurate to 

within a factor of 3> and Is based upon the assumption that the 
reactivity of FO Is similar to that of CIO and BrO. The experi- 
mentally determined rate constants for CIO and BrO at >298 K are 
5.0 X 10"^^ and 3.0 x 10”^^, respectively (NASA preferred values). 

The temperature dependence of the rate constant i s expected to be 
small. The temperature dependence of the analogous CIO reaction 
has been studied twice with somewhat different results. The values 
reported for E/R are -76 K (Zannlser and Kaufman (1977) and +221* g 
Clyne anJ Nip (1976b)). 

102. Unchanged from JPL 8l-3. No experimental data. The rate constant 
for such a radical-atom process Is expected to approach the gas 
collision frequency, and Is not expected to exhibit a strorg temp- 
erature dependence. 

103. The recommended expression allows for a factor of two Increase In k 
with pressure. This Increase has been seen in many high pressure 
studies (Overend and Paraskevopoulos (1977a), Perry al. (1977), 

Biermann iti jal. (1978), Cox al (1976b), and Butler jat ai (1978)). 

The most detailed study was carried out by Biermann al. (1978) 

who found the rate coefficient to depend on both pressure and presence 
of O 2 (or other impurities). There is still some uncertainty as to 
exactly what conditions (Impurities?) are required to produce the pressure 
effects. 

The enhanced reaction rate is thought to go through an addition 
complex which yields HO 2 and CC 2 in the presence of O 2 . Therefore, 

In the atmosphere. It is appropriate to write the products to be 
H + CO 2 since H atoms are quickly converted to H02« 

Further studies of the combined pressure, [O 2 ], and temperature 
effects are needed. 
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104. This Is an extremely well characterized reaction. All temperature 
dependence studies are In good agreement (Greiner (1970a)i Davie 

(1974), Margltan (1974), Zellner and Stelnert (1976), 

Tully and Ravlshankara (1980)). Due to this good agreement, and 
the curved nature of the Arrhenius plot at higher temperatures, the 
value of Davis Ai., obtained In the temperature Interval 
240 < T < 373K Is recommended. 

105. There Is excellent agreement between four studies of this reaction 

at 298K, l.e., Greiner (1970a), Howard and Evenson (1976), Overend 
et a 1> (1975), and Tully (1982). k(298K) Is the average 

of these four measurements. The temperature dependence was computed 
by using the data of Greiner (1970a) and Tully a1. (1982). 

106. There are five measurements of the rate coefficient at 298K; Grelher 
(1970a), Corse and Volman (1974), Bradley a 1. (1973), Overend 

et Al> (1975), and Tully si a 1. (1982). Corse and Volman measured 
k(0H C^Hg) relative to k(0H * CO) In the presence of O 2 and 
calculated k(0H + C^Hg) assuming that k(0H + CO) = 1.5 x 10"^3 cm^ 
molecule”^ s“^ . If the current recommended value for k(0H + CO) In 
the presence of O 2 Is used, k(0H C^Hg) will be approximately 
1 X 10"^^ cm^ molecule”^ s“^. Only the results of Overend al . 
( 1975 ) (k = 2 X 10“^^ cm^ s"^) are In disagreement with the other 
values. The most probable cause for this discrepancy Is the presence 
of secondary reactions In their system. The 298K value is the average 
of the four studies. Only Greiner (1970a) and Tully At (1982) 
have measured the temperature dependence of this reaction, and the 
recommended E/R was obtained from a linear least squares analysis of 
the data below 500 K. The A factor was adjusted to reproduce k(298K). 
This reaction has two possible chanmrls, l.e., abstraction of the 
primary or the secondary H atom. Therefore, non-Arrhenius behavlo' 
may be exhibited over a wide temperatiu*e range, as seen by Tully XLt ^ 
The branching ratios can be estimated from Greiner's (1970a) formula: 
primary = 8.1 x 10"’^ exp(-830/T) cm^ molecule"^ 3 “'' 
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‘'secondary = x 10“‘^ exp(-430/T) cn^ molecule”^ s“‘ 

Only the high pressure limiting rate constant is considered here. 

107. This reaction is pressure dependent, and there is reasonable agreement 

(factor of 2) between various studies on the high pressure limiting 
rate coefficient (Greiner (1970b), Smith and Zellner (I973)i Stuhl 
(1973)f Davis (1975), Gordon and Mulac (1975), Atkinson 

£jt jEll. (1977), and Overend and Paraskevopoulos (1977b)). The 
preferred value is essentially that of Atkinson al- (1977); the 
error bounds are such that most measurements fall within the limits. 

108. The rate coefficient for this reaction has been measured in 
discharge flow tubes by three groups of investigators; Wilson and 
Westenberg (1967)i Breen and Glass (1970), and Pastrana and Carr 
(1974). There is poor agreement between these three studies. 

There have also been flash photolysis studies of this reaction. 

Smith and Zellner (1973) measured k(298K) = 8 x 10~‘^ 

cm^ mclecule~‘ s”‘. Davis (1975) found the rate coefficient 

to be Independent of pressjt e, which is contradicted by Perry al . 
(1977) and Michael si (1980), who found k(298K) to increase up 
to a pressure of -200 torr of argon and then reach a pressure-independent 
value. 

The recommended value of k(298K) is the average of those obtained 
by Perry ai Ai. (1977) and Michael £ji al. (1980) and represents 

The temperature dependence, E/R, is that measured by Michael 
et al - since the 200 torr values measured by Perry jgi at 350K 
and 422k were unlikely to have been at the high pressure limit. The 
A factor has been adjusted to reproduce k(298K). In the 
troposphere and lower stratosphere, the high pressure limited rate 
coefficient should apply. 

This reaction has five possible reaction channels: CjH + H 2 O, CH^ + CO, 
CH2CO + H, CH-^CHO, and CHCO + A low pressure study has shown 
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CHgCO ♦ H to be a sajor product (Kanofcky £t dl> (197^)). However, 
under high pressure conditions, other channels might be more 
important. 

109. The value for k (298 K) is the average of those dr-termined by 

Atkinson and Pitts (1978) and Stief (1980), both using the 

flash photolysis-resonance fluorescence teonnique. The value 
reported by Morris and Niki (1971) agrees within the stated 
uncertainty. There are two relative values which are not in agree- 
ment with the recommerdations. The value of Niki £jt aL. (1978b) 
relative to OH + CgHjj is higher while the value of Smith (1978) 
relative to OH + OH lo lower. The latter data are also at variance 
with the negligible temperature dependence observed in the two flash 
photolysis studies. Although Atkinson and Pitts assign a small 
energy barrier (E/R = 90 + 150), their data at 356 K and U26 K 

and that of Stief at 228 K, 257 K and 362 K are all within 

10% cf the k (298 K) value. Thus, the combined data set suggest B/R 
s 0. The abstraction reaction shown in the table is probably the major 
channel; other channels may contribute (Horowitz al., 1978). 

110. There are no direct measurer.ents of this rate constant. The 

estimate given is based on an assumed similarity to OH + 82O2 
and OH + CH^OH. Tl.c k(298K) vedues for these two reactions are 
reported to be clmlla,'; k(0H + HgOg) = 1.7 x 10“^^ C"i^ molecule”^ 
s“^ (this evaluation) and k(0h + CH^CH) = 1.0 x 10“^^ cm-^ molecule-^ 
s"^ (average of three measurements, i.e., Campbell (1976), 

Overend and Paraskevopoulos (1978) and Ravlshankara and Davis 
(1978)). Since the temperature dependence of the OH -i- CH^OH reaction 
has not been measured, the E/R value for OH CH^OOH reaction is 
assumed to be same as that for OH H2O2. The reaction products 

are not specified since abstraction of H from either end of the 
molecule is possible. 
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1. the value at 298K Is an average of eight measurraents; Arrington 

jELb (1965)t Sullivan and Wai*neok (1965)» Brown and Thrush 
(1967}t Hoyermann (1967), Westenberg and deHaas (1969b), 

James and Glass (197C), Stuhl and Nlkl (1971.)t and Westenberg and 
deHaas (1977)* There Is reasonably good agreement between these 
studies. Arlington jlI. (1965) did not observe a temperature 
dependence, an observation which was later shown to be erroneous by 
Westenberg and deHaas (1969). Westenberg and deHaas are the only ones 
who have measured the temperature dependence, and they observed a 
curved Arrhenius plot. In the range of 195-450K, Arrhenius behavior 
provides an adequate description and the E/R obtained by them In 

this temperature range Is recommended. The A factor was calculated 
to reproduce k(29SK). This reaction can have two sets of products, 
l.e., C^HO H or CH2 ■*- CO. Even though under molecular beam conditions 
C2HO Is shown to be the major product, It Is not clear what the branching 
ratio would be under high pressure conditions. 

2. The recommended values for A, E/R and k (298 K) are the averages 

of those determined by Klemm (1979) using flash photolysis-resonance 
fluorescence (250 to 498 K) by Klemm si (1980) using discharge 
flow- resonance fluorescence (298 to 748 K) and Chang and Barker 
(1979) using discharge flow-mass spectrometry (296 to 436 K). All 
three studies are In good agreement. The k (298 K) value Is zd.so 
consistent with the results of Nlkl (1969), Herron and 

Penzhorn (1969), and Mack and Thrush (1973). Although the mechanism 
for 0 H2CO has been considered to be the abstraction reaction 
yielding OH -i- HCO, Chang and Barker suggest that an addition channel 
yielding H HCO2 may be occurring to the extent of 30} of the total 
reaction. This conclusion Is based on an observation of CO2 as a 
product of the reaction under conditions; where reactions such as 
0 t- HCO H CO2 and 0 + HCO -» OH + CO apparently do not occur. 

This interesting suggestion needs Independent confirmation. 
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113> recommended k(298K) Is the average of three measurements - Uashlda 

and dayes (1976), Slagle ai. (197*«) and Washlda (1980). The E/R 
value is basea on the results of Washlda and Bayes (1976) who found 
k to be independent of temperature between 259 and 341K. All three 
studies employed the 0 + reaction as the CH^ source, and CH^ 

was assumed to be the major product. Recently, however, it has been 
shown (Buss 1981, Klelnermanns and Luntz, 1981 and dunzlker 

£Jk 1981) that C2H^0 Is also a significant product of the 0 * C 2 H 11 
reaction. It Is not clear how this finding will affect the measured 
rate coefficient for the 0 CH^ reaction. 

114. This bimolecular reaction is not expected to be Important based on 
the results of Baldwin and Golden (1978a) who found k < 5 x 10”^^ 
cm^ molec’.'le”^ s“^ for temperatures up to 1200K. Klals iit al . 

(1979) failed to detect OH (via CH^ + O 2 ” CHgO + OH) at 368K 

and placed an upper limit of 3 x 10”^^ cm^ molecule”^ s“^ for this 
rate coefficient. Basharan, Frank and Just (I960) measured k s l 
X 10“^^ exp(-12,900/T) cm^ molecule"’ s“’ for 1800 < T < 22C0K. 

The latter two studies, thus, support the results of Baldwin and 
Golden. However, both Washlda and Bayes (1976) and Washlda (1980) 
detected a bimolecular reaction and obtained k(298K) to be -1 .5 x 
10“’*^ cm^ molecule”’ s“\ thereby directly contradicting the above 
throe studies. In this evaluation the results of Washlda and Bayes 
( 1976 ) and Washlda (1980) have not been Included. 

115. The rate coefficient has been measured by Radford (1980) by 
detecting the HO 2 product In a laser magnetic resonance spectrometer. 

Tlie effect of wall loss of CHpOH could have Introduced a large error 

in this measurement. Radford also showed that the previous measurement of 
Avramenko and Kolesnikova (1961) was in error. 

116. The recommended A factor and E/R arc those obtained from the 

results of Gutman (1982). These Investigators have measured 

k directly under pseudo-first order conditions by following CH^O 
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via laser Induced fluorescence. Hie temperature interval was 423 
to 626K. Cox aL< (1980) used an end product analysis technique 
to measure k down to 298K. The previous high temperature measure- 
ments (Baker jat id. (1977) and Batt and Robinson (1979))i are In 
reasonable agreement with the derived expression. k(298K) Is calculated 
from the recommended expression. This value Is consistent with the 
298K results of Cox a 1. (1980) and with the upper limit measured 
by Sanders (1980). The A factor, shown above, appears to be 

too low for a hydrogen atom transfer reaction. The products of this 
reaction are HO 2 and CH 2 O, as shown by Nikl (1981). 

117* The value of k(298K) Is the average of the determinations by 

Washida ;ai. (1974), Shlbuya a 1. (1977), Veyret and Lesclaux (1981), 
and Langford and Moore (1981). There are three measurements of k where 
HCO was monitored via the Intercavity dye laser technique (Reilly 
j£t ( 1978 ), Wadtochenko fil ill. (1979), and Gill ai (1981)). 

Even though there is excellent agreement between these three 
studies, they yield consistently lower values than those obtained 
by other techniques. There are several possible reasons for this 
discrepancy, (a) The relationship between [HCO] and laser attenua- 
tion might not be linear, (b) there could have been depletion of O 2 
in the static systems that were used (as suggested by Veyret and 
Lesclaux), and (c) these experiments were designed more for the 
study of photochemistry than kinetics. Therefore, these values are 
not Included in obtaining the recommended value. The recommended 
temperature dependence is essentially identical to that measured 
by Veyret and Lesclaux. We have expressed the temperature dependence 
in an Arrhenius form even though the authors preferred a t” form 
(k = 5.5 x 10~” j-(0.4‘0.3) jj„, 3 molecule"^ s"’). 

118. The rate coefficient for this reaction has been measured by 

Washida ill. (I 98 O) and Slmonaltls and Heicklen (1975). The value 
reported by Slmonaitis and Heicklen is 9.1 x 10“^^ cm^ molecule”^ 

3 “^ at 298 K and thus seems to be in agreement with the results 
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of Washlda jal. (7.0 x 10“^^ om^ aoleoule“V s”^ ) . However^ the 
rate coefficient derived by Simonaitis and Heicklen is based on the 

assumption that the high pressure limit rate coefficient for the CH^ -f O 2 M \ 

reaction, equals 4 x 10”^^ cm^ molecule”^ 3 "^, independent, of temperature, 
a value which disagrees with the current recommendation of 2 x 10"^^ cm^ 

If the current recommendation is used, a value of U.Jl x 10“^^ 
cm’ molecule"^ s’^ is calculated for k(298K). In view of this 
discrepancy, the results of the only direct study, l.e., Washlda 
al . (1S80), are recommended. Tn the absence of direct measurements, no 
temperature dependence is recommended. This reaction has at least four 
possible sets of products; HCOOH + CH, CH 2 O + HOg, CH^O + Og, and CHgOg + H. 

The branching ratios are unknown, 

119 . There are no direct studies of this reaction. The quoted upper 
limit is based on indirect evidence obtained by Sinonaltis and 
Heicklen (1975). 

120. The recommended value for k(298K) is the average of those reported 
by Hochaiiadel it Al. (1977), Parkes (1977), Anastasi it Al. (1973), 

Kan it il. ( 1979 ), Sanhueza it Al- (1979), and Sander and Watson ’ 

(1980). All the above determinations used ultraviolet absorption ^ 

techniques to monitor CH^Og and hence measured k/ o , where 1 ' Is 

-hi,' absorption cross section for CH^Og at the monitored wavelength. ' 

T obtain a set of numbers that can be compared, the values of k 
have been recalculated using the absorption cross sections measured 

by iiochanadel it Al. (1977). k(298K) is the average of these numbers. ^ 

The recommended temperature dependence is that measured by Sander and \ 

Watson (1981c). 


This reaction has three possible sets of products, l.e.. 


• 2CH^0 1 Og kg 


CH^Cg nijOg • CHgO + CH3OH ♦ Og kjj 
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- CH3OOCH3 +02 kg 

FTIR studies by Kan jal. (1980) and Niki £jt al. (1981) are 
in reasonable agreement on branching ratios at 298K; k^/k -0.35| 
kg/lc -0.10. Because of the existence of multiple pathways, 
the temperature dependence of k may be complex. Further work 
is required on both the temperature dependence and the variation 
of branching ratios with temperature. 

121. The value of k(298K) is the average of those determined by Sander 

and Watson (1980), Ravlshankara (1981), Cox and Tyndall 

(1980), Plumb (1981), and Slmonaitls and Helcklen (198I). 

Values lower by more than a factor of two have been reported by 
Adachl and Basco (1979) and Slmonaitls and Helcklen (1979). The 
former direct study was probably in error because of interference 

by CH3ONO formation. The results of Slmonaitls and Helcklen (1979) 
and Plumb (1979) are assumed to be superseded by their more 

recent values. Ravlshankara (1981) and Slmonaitls and Helcklen 

(1981) have measured the temperature dependence of k over limited temperature 
ranges. The recommended A factor and E/R were obtained by a least squares 
analysis of the data from the two studies. The value of k(2l8K) obtained by 
Slmonaitls and Helcklen (1981) has been neglected; however, the 
large error bounds allow the calculated value of k at 21 8K to 
overlap that measured by Slmonaitls and Helcklen. Ravlshankara 
et al . (1981) find chat the reaction channel leading to NOj 
accounts for at least 80j of the reaction. This result, 
in conjunction with the indirect evidence obtained by Pate al* 

(197^), co’iflrms that NOj formation Is the major, if not the only, 
reaction path. 

122. The room temperature value Is that of Cox and Tyndall (1979, 1980). 

This study also reports a large negative E/R value over a temperature 
range 27*1 to 338K, which is similar to that found for the HOj + HO2 
reaction by many groups (see note on HO2 + H02)* This measurement 
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has been carried out only at 1 atmosphere pressure. The above results 
are not inconsistent with the suggested value for the HOg + HO 2 
reaction. The rate coefficient needs independent verification at 
one atmosphere, and measurements as functions of pressure, water 
vapor concentration, and temperature. 

The value of k(298) is an average of the rate constants reported 
by Perry (1976b), Cox and Sheppard (I960), Wine Al* (1981a), 

Leu and Smith (1982a), and Michael (1982). The value of E/R 

is taken from a ccmposlt': unweighted least squares fit to the 
Individual data points fron these same five studies. The study by 
Leu and Smith (1982a) shows a slight parabolic temperature dependence 
of k with a minimum occurring near room temperature. Within the error 
limits stated in this evaluation, all data are fib reasonably well 
with an Arrhenius expression. The weight of evidence from the recent 
measurements suggests that the earlier study by Westenberg and deHaas 
(1973b) was in error (quite possibly due to secondary reactions). 

The room temperature value of Stuhl (197*t) lies Just outside the 2 
error limits set for k(298). 

This recommendation accepts with broad uncertainties the work of 
Leu and Smith (1981) who report rate constants between 300 and 
5C0K approximately an order of magnitude lower than Ravishankara . 
et al. (1900b), who had been thought to have minimized the compli- 
cations due to secondary chemistry and/or excited state reactions 
present in the studies of Atkinson al- (1978) and Kurylo (1978). 

The upper limit of k(298) reported by Cox and Sheppard (1980) is 
too insensitive to permit valid comparison with the newer results. 

The Ravishankara (1980b) data can be used to calculate an 

E/R value of -2000K. The similarity between this value and the 
23 OK value of Leu and Smith (1981) suggests a temperature invariant 
removal of OH in the Ravishankara experiment possibly due to 
impurities In the OCS. Product observations by Leu and Smith (1961) 
tentatively confirm the suggestion of Kurylo and Laufer (1979) that 



the reaction produces predominantly HS + CO2. Until these lower 
measurements are independently confirmed, the error limits on k(298) 
and E/R will encompass the results of Ravishankara (1980b). 

125. This upper limit Is based on the study by Wine £j; jal. (1980a). 

These authors dealt with severe complications due to excited state 
and secondary chemistry. The extremes in experimental variation 
which were necessary to minimize these effects Indicate remaining 
complications in the studies of Atkinson ill. (1978), Kurylo 
(1978) and Cox and Sheppard (1980). The Cox and Sheppard (1980) 

study in particular may have been affected by the reaction of electronically 
excited CSj (produced via the 350 nm photolysis) with Og (in the 1 
atmosphere synthetic air mix). The importance of this reaction in 
the tropospheric photooxldatlon of CS2 into OCS has been suggested 
by Wine jai (1980b). In addition, Ravishankara (1982) has observed 
an acceleration of the OH + CSj reaction in the presence of O2, 
thereby suggesting a reaction between O2 and an OH-CS2 adduct. 

The Wine (198Ca) determination is consistent with an upper 

limit for the rate of production of OCS in the OH + CS2 reaction 
system reported by Iyer and Rowland (1980), suggesting that OCS and SH 
are the primary reaction products. This mechanistic interpretation 
is further supported by the recent study of Leu and Smith (1982b), which 
also sets an upper limit on k(298) somewhat higher than recommended here. 

126. This recommendation is derived from an unweighted least squares 

fit of the data of Singleton al. (1979) and Whytock al. (1976). 

The results of Slagle j£t ( 1978) show very good agreement for 
E/R in the temperature region of overlap (300-500K) but lie systematically 
higher at every temperature. The uncertainty factor at 298K has been 
chosen to encompass the values of k(298K) determined by Slagle al. 

(1978) and Hollinden at ai* (1970). Other than the 263K data point 
of Whytock at At. (197C) and the 26lK point of Slagle at al. (1978) 
the main body of rate constant data below 298K comei from the study of 
Hollinden at (1970), which indicates a dramatic change in E/R in 
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thi.s temperature region. Thus, E/R was set to account fpr these 
observations. Such a non-linearity in the Arrhenius plot might Indicate 
a change In reaction mechanism from abstraction (as written) to addition. 
An addition channel has been proposed for this reaction by Slagle fit ai. 
( 1978 ) as well As by Singleton fit fil. (1979)» and addition products 
from this reaction have been seen In a matrix by Smardzewskl and Lin 
( 1977 ). Further kinetic study in the 200 to 300K range as well as 
direct mechanistic Information could clarify these Issues. This 
reaction Is thought to be of limited stratospheric Importance, 
however. 

127 . The value for k (298 K) Is the average of five different studies of 
this reaction: Westenberg and de Haas (1969a), Klemm and Stlef 
(197*l)» Wei and Timmons (1975), Manning fii jai. (1976) and 
Breckenrldge and Miller (1972). The recommended value for E/R is 

the average of those determined in the temperature studies reported 
in the first three references. Hsu fit fii. (1979) report that 
this reaction proceeds exclusively by a stripping mechanism. 

128. The value of k (298 K) is the average of seven determinations: Wei 
and Timmons (1975), Westenberg and de Haas (1969a), Slagle fit al . 

(1974), Callear and Smith (1967), Callear and Hedges (1970), Homann 
fit fil< ( 1968 ), and Graham and Gutman (1977). The E/R value is 

an average of those determined by Wei and Timmons (1975) and Graham 
and Gutman (1977). E/R has been set to encompass the limited 
temperature data of Westenberg and de Haas (196 9a). The principal 
reaction products are thought to be CS + SO. However, Hsu fit al . 

( 1979 ) report that 1.4? of the reaction at 298K proceeds through the 
channel yielding CO S 2 and calculate a rate constant for the 
overall process in agreement with that recommended. Graham and Gutman 
( 1977 ) have found that 9.6? of the reaction proceeds to yield DCS S 
at room temperature. 
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129« This recommendation accepts the results of Cupltt and Glass (1975)« 
The large uncertainty reflects the fact that there Is only one study 
of the reaction. 

130. This recommendation is based primarily on the study of Davis a1. 
( 1972). Modest agreement at 298K is provided by the studies of Fair 
and Thrush (1969)i Fair a 1. (197D» Donovan and Little (1972) 
and Clyne and Townsend (1975). A more recent study by Clyne and 
Whltefield (1979) indicates a slightly negative E/R between 300 and 
400K. Their data are encompassed by the error limits of the present 
recommendation. 

131 • This recommendation accepts the only available experimental data by 
Clyne and Townsend (1975). In the same study these authors report 
a value for S O2 in reasonable agreement with that recommended. 

The error limit cited reflects both the agreement and the need for 
Independent confirmation. 

132. This recommendation is based on the single study by Jourdaln jJ,. 
(1979). Their measured value for k(298) compares favorably with 
the recommended value of k(0 + OH) when one considers the slightly 
greater exothermicity of the present reaction. 

133. The value of k(298) is based on an exLrapolation of the data of 
Hopiann ai- (1968) obtained over the temperature range 580-1 11*5K. 
Their results are consistent with an E/R value of 3300K. Other high 
temperature measurements of the reaction give widely varying 
Arrhenius parameters (cf. Baulch fit aJL* (1980)). The large 
uncertainty in k(298) reflects the possible unreliability of this 
extrapolation. 

1314. The value of k(298) is an average of the determinations by Halstead 
and Thrush (1966) and Robertshaw and Smith (1')80) using widely 
differing techniques. The value of E/R is from Halstead and 
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Thrush (1966) with the A-factor calculated to fit the value 
recommended for k(298)< 

135> The value recommended for k(29&} la an average of the determinations 
by Fair and Thrush (1969) and Jourdedn (1979)> Both sets 

of data have been corrected using the present recommendation for the 
0 -I- OH reaction. 

136. The value of k(298) Is based on the recent measurement of Clyne 

and MacRobert (1980), which agrees quite well with the rate constant 
calculated from the relative rate measurements of Clyne al . 

( 1966 ). 

137* This recommendation is based on the single investigation by Clyne 
and MacRobert (1981). Uncertainties for both the CIO and OCIO 
reactions reflect the absence of any confirming investigations. 

In the BrO reaction (performed in excess SO), the BrO decay was 
too rapid to permit quantitative analysis. The lower limit for 
k(298) was therefore obtained from the measurement of SC 2 
production. 

138 . This upper limit is based on the atmospheric pressure study of 
Graham al* (1979). A more recent low pressure laser magnetic 
resonance study by Burrows at al. (1979) places a slightly more 
higher upper limit on k(298) of 4 x 10“^^ (determined relative 

to OH + K 2 O 2 ). Their limit is based on the assumption that the products 
are OH * SQ^- The weight of both these studies seems to suggest an 
error in the earlier determination by Payne £t al. (1973). 

139 . This recommendation accepts results from the study of Sander and 
Watson (1981a), which is believed to be the most appropriate study for' 
stratospheric mc..'ing purposes among those which have been 
conducted. Their experiments were conducted using much lower CH^C 2 
:adlc?J. concentrations then in the earlier studies of Sanhueza 
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Al> (1979) and Kan Al< (1979)> both of which resulted in 
k(298) values approximately 100 times larger. A more recent study by 
Kan jal. (1981) postulates that these differences are due to 
reactive removal of the CH^02S0p adduct at high CH^02 radical 
concentrations, prior to its reversible decomposition into CH^O^ + SO2. 
They suggest that such behavior of CU^02S02 or its equilibrated 
adduct with O2 (CH2O2SO2O2) would be expected in the studies 
yielding high k values, while decomposition of CH-O2SO2 into 
reactions would dominate in the Sander and Watson experiments. It 
does not appear likely that such secondary reactions involving CH2O2, 
NO, or other radical species, if they occur, would be rapid enough 
under normal stratosphere condltlona to compete with the adduct 
decomposition. 

1<i0. The basis of this recommendation Is the recent work of Tlee 

(1981) employing laser Induced fluorescence detection of HS. Their 
preliminary measurement is lower than the upper limit for this 
rate constant estimated by Cupltt and Glass (1973) by nearly two orders 
of magnitude. 
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Table 2. Rate Constants for Three-Body Reactions 


Reaction 

tow Pressure Lialt 
ko(T) . u3‘'°(T/30Q)"" 

Hlg)i Pressure Llalt 
19»{T) » k2°°(t/300)“" 


1,300 

0 

n 


■ 

Notes 

•0 + Oj. 5 O 3 

(6.0lo.5)(-3H) 

2 . 3 - 0. 5 

- 

- 

1 

0(’d) ♦ Nj 5? NjO 

(3.5i3.0)(-37) 

o-5:?5 

- 

- 

2 

H ♦ O 2 5 HOj 

(5.5*0.5)(-32) 

1.i|i0.5 

- 

- 

3 

•OH ♦ OH 5 HjOj 

(6.9^3.0)(-31) 

1 

^•^-1.0 

(1.0l0.5)(-11) 

I.OI 1 .O 

« 

0 ♦ HO 5 NOj 

(1.2l0.3)(-31) 

1.810,5 

(3.0ll.0)(-11> 

Oil 

5 

0 + NOj 2 NOj 

(9. 0-1. OH-32) 

2.0ll.0 

(2.210.3H-11) 

Oil 

6 

•OH + NO 2 HONO 

(6.7-1.2H-31) 

2 . 511.0 

(1.5ll.0)(-11) 

0 . 510.5 

7 

OH ♦ NOj 2 HNO 3 

(?.6-0.3)(-30) 

2 . 9 IO .7 

(2.Rll.2){-11) 

1 . 3 - 1 .3 

$ 

•HOg + NOj 2 HOjNOj 

(2.3-0.2)(-3l) 

«. 611.0 

(11.2ll.0)(-12) 

0 I 2 .O 

9 

•NOj ♦ NO 5 2 N 2 C 5 

(2.2il.1)(-30) 

2.811.0 

(1.0l0.8)(-12) 

oll.o 

10 

Cl + HO 2 ClHO 

(9.0i2.0)(-32) 

1,810.5 

- 

- 

11 

•Cl * NCt 2 CIONC 

(1.5-0.6)(-30) 

I. 9 I 1 .O 

(1.0l0.5)(-10) 

1 . oll.o 

12 

2 ClNOj 

(3.1-1.2)(-31) 

I. 9 I 1 .O 

(1.0l0.5)(-10) 

1 . oll.o 

12 

Cl ♦ Oj 2 cloo 

(2.0^1 .OH-33) 

1 . 3 - 1 . 3 

- 

- 

13 

•CIO ♦ NOj 2 ClONOj 

(«.5-2.3)(-32) 

3.8I1.O 

(1.5l0.7){-11) 

1 . 911.9 

It 

2 Iscaer 

M.3i0.2)(-31) 

3,8ll.O 

( 1 , 510 . T)C- 11 ) 

1 . 911.9 

It 


k^(T)(Ml >1+ Uog^(,Ck^(T)[M]/k^(T))]^)'* 


The values quoted are suitable for air as the third body, H. 
•Changed froa JPU 81-3. 
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Table 2. (Continued). 


Reaction 

Low Pressure Ll*it High Pressure Limit 

k^{T) = kg°° (T/300)"" k„(T; * ki°°(T/300)*" 


k300 

o 

n' - ' 

o 

o 

■ 

Notes 

•CIO + NOj ClONOjCa) 

(1.8i0.3)C-31) 

3.4^1 .0 

(1.5io.7)(-11) 

1.3^1. 9 

14 

•BrO ♦ NOj BrONOj 

(5.0i2.O)(-3I) 

2.0i2..p 

(1.0i0.5)(-11) 

1. 0^1,0 

15 

F ♦ Oj U FOj 

U.6iQ.B)(-32) 

2.5^i.O 

- 

- 

16 

•F ♦ NO !? FNO 

(8.7-4. 4)(-32) 

1.7-1 .7 . 

- 

- 

17 

•F + NOj !J FNOj 

(1.li0.6)(-30) 

2. 3*2. 3 

(1.0i0.5H-10) 

1. 0-1.0 

IS 

•FO * NO^ ^ FONO^ 

(2.6i2.0)(-31) 

1.3^1. 3 

(2.0il.0H-11) 

1.5^1. 5 

19 

CHj ♦ Oj CHjO^ 

(2.2il.1)(-31) 

2.2^1 .0 

(2.0ll.0)(-12) 

1.7-1 .7 

20 

CHjOj * NOj ” CHjOjNOj 

(1.5i0.8)(-30) 

4. 0^2.0 

(6.5^3. 2H-12) 

2. 0-2.0 

21 

OH ♦ .‘’Oj 1 HOBO^ 

(3.0il.5)(-31) 

2.9*1 .0 

(2.0^1. 5H-12) 

0*1 .0 

22 


Note: k(Z) - k(M.T) - ( 0.6 

O " : 


The values quoted are suitable for air as the third body, M. 

•Changed from JPL 81-3. ■ 

(a) This is an alternative rccor.aiendation for the Ci0,4> NO^ * H reaction which assunes 
that Isooer formation is unimportant. See note. 14. 
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MOTES IQ TABLE Z 

1. Low-pressure limit and T-dependence ara an average of Klais, 

Anderson^ and Kurylo (19d0a), and Lin and Leu (1982). The result 
is in agreement with most earlier work (see references therein). 

2. Low-pressure limit lV*om Kajlmoto and Cvetanovlc (1976). T-dependence 
assuming constant 3. Rate constant is extremely low in this special 
system due to electronic curve crossing. 

3. Kurylo (1972)i Wong and Davis (1974) averaged. Both studies Include 
T-dependence; the recommended value is chosen with constant <AE>j^ - 
.04 kcal mole**^. This very low number reflects rotational effects. 

4. Zellner (1982) report pressure and T-dependence in N 2 for 

253 < T < 353 . Their values are in rough agreement with those of 
Kljewsky and Troe (1972), who report low-pressure values in Ar for 
950 < T < 1450. Trainor and von Rosenberg (1974) also ' 3port a 
value. 

5. Values of rate constants and temperature dependences from the 
evaluations of Baulch jei sLL- (1980). They suggest = 0.85--1, 
compared to our fixed value of 0.6. They also suggest m = -0.3. 

These make very small differences over the range of stratospheric 
conditions. 

(In a supplementary review, Baulch jslI. (1982) suggest a slight 
temperature dependence for which would cause their suggested 
value to rise to F^ = 0.89 at 200 K.) 

6. Values of rate constants and temperature dependences from the 

evaluations of Brulch aI* (1980). They use F^ = 0.8 to fit the 
measured data at 298K, but our value of = 0.6 gives a similar 
result. (In a supplementary review, Baulch (1982) suggest 
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a slight temperature dependence for which would cause their 
suggested value to rise to s 0.85 at 200K.) 

7. The low-pressure limit rate constant, has been reported by Anderson 
and Kaufman (1972)i Stuhl and Niki (197< • Morley and Smith (1972), 

Westenberg and de Haas (1972), Anderson Jll., (1974), Howard and 
Evanson (1974), Harris and Wayne (1975), Atkinson et al. (1975), 

Overend gl. (1976), and Anastasi and Smith (1978). The general 
agreement is good, and the recommended value is a weighted average, 
with heavy weighting to the work of Anastasi and Smith. The 
reported high pressure Umlt rate constant is generally obtained 
from extrapolation. The rerommended value is a weighted average 

of the reports in Anastasi <nd Smith (1978) and Anderson et al. 

('.974). 

8. Low-pressure limit from Anderson at Al. (1974), who report n = 2.5 
(240 < T/K < 450); Howard and Evenson (1974); Anastasi and Smith 
(1976), who report n = 2.6 (220 < T/K < 550) and Wine at al. (1979) 

who support these values over the range (247 < T/K < ?52). The recommended 

value of n = 7.9 comes from <AE>m =0.31 kcal mole“^. The hlgh- 

2 

pressure limit a.-'d T-dependence come from RRKM model of Smith and Golden 
(1978), although the error limits have been expanded to encompass 
m s 0. 

Robertshaw and Smith (1982) have measured k up to 8.6 atmospheres of 
CF|j. Their work suggests that koo might be higher than suggested 
here (-50K). This might also be due to other causes (l.e.. Isomer 
formation or lnvol'’ement of excited electronic states). The recommendation 
herein fits all data over the range of atmospheric interest. 

9. Low-pressure limit from Howard (1977) a.nd Sande: and Peterson 
(1982). The latter work Includes a complete study of pressure and 
temperature dependence, and all other parameters are from this 
study. The previous values from Baldwin and Golden (1978), who used 
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RRKM theory and data on the reverae reaction froa Grahaai Winer, and 
Pitts 0 977), differ slightly in the value and the temperature 
dependence of 1^^,. The absence of negative temperature dependence 
for k yields an equilibrium constant that, in turn, yields values 
of S°(H02N02) -76 cal mole"^ deg“^ and AHj.(H02N02> » -12.7 koal 
mola~^. This compares to Baldwin and Golden's values of S°298 * 

71.6, or AHf ^298 * ~1*l.1 koal/mole”^. This value of 71.6 e.u. 
should be a fairly conservative upper limit, and suggests that some 
negative T-dependenco may be required to fit all the data. The 
discrepancy in the high-pressure limiting rate constants has a 
small effect at stratospheric pressures. 

Other studies by Slmonaitls and Heloklen (1978) and Cox and Patrick 
(1979) are in reasonable agreement with the recommendations. 

10. Data on the reverse reaction from Connell and Johnston (1979) and 
Vlgglano a 1« (1981). A very thorough analysis of this data by 
Malko and Troe (1982) concludes that tha data is best fit with k^^®® = 

3.7 X 10"30^ n _ k.,300 ^ ^ ^ 10”’^, m = -0.2, and = exp(-T/250) + 

exp(-1050/T), Fq = .33 at 300K. The vfilues recommended here fit the 
data Just as well. 

11. Low-pressOre limit from Lee fit Ai., (1978a), Clark (1966), 

Ashmore and Spencer ( 1 959), and Ravishankara ai Al. (1 978). 
Temperature dependence from Lee At Ai* (1978a) and Clark Ai AX« 

(t968). 

12. Low-pressure limit and T-dependence from Ravishankara At a1. (1978), 

Ravishankara (1982), and Chang Ai Al« (1979). The latter paper 
shows why Niki At Al* (1978) saw two products with CIONO dominating 
(see Note 1U). = 0.1)1 was arrived at by dividing the sum of k^^ for 

both paths into measured rate constant for overall reaction of 

Cl -I- NOp. High-pressure limit and temperature dependence are fixed 
to match measurement at 200 torr. 
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13> Stedman (19<>8) and Nicholas and Norrlsh (1968) measured this 

process In kr. neooinnended value based on k(N 2 )/k(Ar) a 1.8. 
T-dependenco from constant <AE>. 

14. The available kinetics data for this reaction fall into two setSi 
which are in substantial disagreement. Several independent low- 
pressure determinations (Zahnlser at al. . 1977; Blrks at al>i 1977; 
Leu at aIm 1977; Lee at ai«t 1982) of the rate of CIO disappearance 
via the CIO -i- NO 2 M reaction are in excellent agreement and give 
an average k^(300) near 1.8 x 10“^' om^ s“^. No product 
identification was carried out, and it was assumed that the reaction 
gave chlorine nitrate, CIONO 2 . In contrast, direct measurements 
of the *'ato of thermal decomposition of ClONOj (Knauth, 1978; 

Schonle at al«r 1979)i combined with the equilibrium constant, give 
kgOCO) = 4.5 X 10”^^ cm^ s~' for the three-body reaction forming 
ClONOj. Since the measured rate of CIO disappearance seems well 
established by four groups, the Knauth results can bo reconciled 
with the higher number by three different explanations: (1) the 
measured thermal docom position rate is incorrect; (2) the 
equilibrium constant is in error by a factor of throe (requiring 
that the .\Hj.*s are off by -1 kcal/roole, which, while small, is 
outside the stated error limits); (3) all the data are correct, and 
the low-pressure ric disappearance studies measured not only a 
reaction forming C 10 N 02 , but another channel forming an isomer, 
such as 0ClN02f CIOONO, or OCIONO (Chang 1979; Molina fli., 

1980a). 

When the Isomer- forming reaction is Included in models, the fate of 
the Isomer must also be stated. While rapid photolysis 
back to CIO NO 2 seems most reasonable, an isomer of the 
form CIOONO could, in fact, dissociate to ClOO NO, and thus 
enhance catalytic destruction of ozone. The entire matter will 
remain speculative and unsettled until there is conclusive evidence 
for or against isomer formation. 
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Both of the above possibilities are represented by the two sets of 
recommendations. The first set, which takes Into account possible 
isomer formation, used the Knauth rate constant for ClONOg formation 
and assigns the difference between this value and the rate constant 
for CIO disappearance to the other pathway. Temperature dependence 
is estimated from the value of <\E>, as explained in the text. 

The second set uses the average value for total CIO disappearance, 
treating the process as if only ClONOg is formed. The temperature 
dependence comes from assuming that <\E> is constant. 

The high-pressure limit rate constants and their temperature 
dependence are from the model of Smith and Golden (1979). 

Either set of the rate constants above fit measured rate data for 
the disappearance of reactants (Cox and Lewis, 197 9; Dasch J^i 
1981 ). Data from Zellner (1982) indicate an approximately 50 % 
lower k.x.. 

15. Data at 300K are from Sander ai. (1981). They suggest k^ = 

(5.0^1 .0)(-31) = (2.c;^-^)(-11) and The 

temperature dependences are simple estimates. 

16. Low-pressure limit and temperature dependence from Baulch al . 
( 1982 ), who averaged the results of Zetzsch (1973)r Arutyunov 

(1976), Chen ai- (1977), and Shamonlma and Ketov (1979). 

17 . Parameters estimated from strong collision calculations with ClE> 
set at .52 kcal/molc"\ yielding s .33 at 300K and = .43 

at 200K. T-dependence as per text. 

18 . Low-pressure limit rate constant from strong collision calculation 
and = 0.33. T-dependence from constant C.E> = 0.52 kcal mole”^ . 
High-pressure limit and T-dependence are estimated by analogy to 
Cl + NO 2 . 
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Caveat: The formation of FONO might be the more important path (see 
Cl + NOg). 

19>. Low-pressure limit from strong collision calculation and 3s 0.33« 
T-dependence from constant <«iE> s ,52 kcal mole“^. High-pressure 
limit and T-dependence estimated. 

Caveat; There could oe multiple channels here, which would mean that 
the reaction between FO and NO2 could be much faster. 

20. Low-pressure limit from extrapolation of data of Washlda and Bayes 

(1976), Basco (1972), and Parkes (1977). [The extrapolation 

techniques were poor, but this (being the only reaction of methyl 
radicals) is not a very sensitive reaction.] Low-pressure limit 
T-dependence as per text. High-pressure limit from van den Bergh 
and Callear (1971), and Hochanadel ^ al. (1977). [Data of Basco 
et al . (1972), Washlda and Bayes (1976), Laufer and Bass (1975), 
Washlda (1980), are also considered.] High-pressure limit T- 
dependence estimated. 

21. Parameters from a reasonable fit to the temperature and pressure- 
dependent data in Sander and Watson (1980) and Ravlshankara a 1. 
(1980), using equation (1). 

The former reference reports their room-temperature data in the same 
form as herein, but they allow F^, to vary. They report: 
ko = 2.33 X 10-30, = 8 X 10-‘‘2, = 0.4 

which is not a qualitatively different fit to the data at 300K. 

The later reference reports temperature dependence as: 
kjj = 2.2 X 10~30 (x/3oo)- 2*5, k^ = 7 x 10"'’2(T/300)-3.5, _ q.4 

These parameters are a better fit at all temperatures than those 
recommended here. We do not adopt them since they are not much 
better in the stratospheric range, and they would require both a 
change in our F^ = 0.6 format, and the adoption of a quite large 
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negative activation energy for k^. 

The most recent CODATA recommendations (Baulch 1982} are: 

kg s 2.3 X 10”30(T/300)“'*, k^ = 8 x and 

Fg = + g-1280/T . ^4^ at 300K and ^54 at 200K. 

These values do not fit the data as well as the current recommendations. 
It Is interesting to note that the data require a negative T>dependence 
for k,4 unlike HO2 + NO21 and that the value of 3 at 300K is >.2. 

22. Values of rate constants and temperature dependenc J from Baulch 

al. (1980). They suggest a value of = 0.7. In a supplementary 
review, Baulch £ji (1982) suggest tht F^ = 0.55 at 300K and la 

temperature dependent, such that F^ = 0.67 at 200K, and they raise 
to 2.5 X lO"^'- to accommodate this change. The computed rate 
constants are essentially the same over stratospheric conditions as 
when using F^ = 0.6 as recommended herein. 
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EQUILIBRIUM CONSTANTS 




Format 

Some of the three-body reactions In Table 2 form products which are 
thermally unstable at atmospheric temperatures. In such cases the thermal 
decomposition reaction may compete with other loss processes, such as 
photodissociation or radical attack. Table 3 lists the equilibrium 
constants, K(T), for six reactions which may fall Into this category. The 
table has three column entries, the first two being the parameters A and B 
which can be used to express K(T): 

K(T)/co 3 molecule"'' = A exp(B/T) (200 < T < 300K) 

The third column entry in Table 3 is the calculated value of K at BOOK. 

The data sources for K(T) are described In the Individual notes to 
Table 3. When values of the heats of formation and entropies of all 
species are known at the temperature T, we note that: 

AS° AH® 

log [K(T)/cm3 molecule”'] = 2T3 o3r ~ TT303RT ^ “ 21.87 

where the superscript "o" refers to a standard state of one atmosphere. 
In seme cases K values were calculated from this equation, using 
thermochemical data. In other cases the K values were calculated directly 
from kinetic data for the forward and reverse reactions. When available, 
JANAF values were used for the equilibrium constants. The following 
equatiions were then used to calculate the parameters A and B: 
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B/°K = 2.303 log 


*^200 

^300 


300 • 200 
300 - 200 


= 1382 l0g(K2QQ/K2QQ> 


log A = log K(T) - B/2.303 T 
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Table 3> Equilibrium Constants 


Reaction 

A/cm^ molecule”’ 

B/®K 

log K( 300 > 

Note 

HOg + NO2 HOgNOg 

2.33 X 10"’*^ 

10, 

870 

-10.90 

1 

NO 2 + NO 3 - N 2 O 5 

1,77 X 

11, 

0 C 1 

-10.83 

2 

Cl + O 2 -*■ ClOO 

2.U3 X 10"25 

2 , 

979 

-20.30 

3 

CIO + O 2 + C10*02 

< 1.3 X 10 "^^ 

<5, 

230 

<-16.30 

4 

F + O 2 - FOO 

5.32 X 10"^5 

7, 

600 

-13.27 

5a 


1.1 5x 10"25 

3, 

582 

-19.75 

5b 

CH3O2 CH^OjNOj 

1.30 X 10 ”^® 

11, 

192 

-11.68 

6 


K/cm3 molecule"’ = A exp(B/T) [200 < T/K < 300] 




NOTES IQ TABLE 2 . 

1. The value was obtained by coablnlng the data of Sander and Peterson | 

(1982) for the rate constant of the reaction as written ana that of \ 

Graham et al. (1977) for the reverse reaction. I 

f 

2. The parameters A and B were calculated from JANAF equilibrium constants > 

at 200 and 300 K. > 

I 

3. Cox fit dl* (1979) measured K at 298 K. Their reported value of K, 

(5. 4^2. 6) X 10“^^ cm^ molecule"^, when combined with JANAF values 
for the entropy change, gives AH|.(298)(C102) = 22.5 kcal/mole”^. 

This Is in excellent agreement with Ashford fit fil* (1978), who suggest 
AHj.(298) (ClOj) = 22. 5-. 5 kcal/mole”^. The expression of Cox et al. 
is : 

K = 3.71 X 10“2® T exp(3217/T). ; 

> 

1 

From the equilibrium constant. It may be inferred that the thermal 
decomposition of HO2NO2 is unimportant in the stratosphere, but is 
important in the troposphere. 

4. Zellner (1982) suggests K < 12 atm“^ and AH - - 11 kcal/mole. The 
corresponding value of A leads to S°300(C10’02) -73 cal mole”^ K“^. 

A higher value of K has been proposed by Prasad (1980), but it 
requires S°(C10*02) to be about 83 cal mole“^ K"), which seems 
unreasonably high. Carter and Andrews (1981) found no experimental 
evidence for C10*02. 

5. (a) From JANAF thermochemical values. 

(b) From Benson's (1976) thermochemical values. 

6. Thermochemical values at 3OO K for CH^02N02 and 08^02 are from 

Baldwin (1982), In the absence of data, AH*^ and AS° were assumed 1 

I 

to be Independent of temperature. Bahta fii fil. (1982) have measured 
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k((ilssoclation) at 263 K. Using the values of k( recombination) suggested 
In this evaluation, they compute K(263) » (2.68^0.26) k 10""^® cm^. 

Our values predict 3*94 x 10“^° om^, In good agreement. 
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PHOTOCHEMICAL DATA 


BiaimafliPn SL £9C.mfc ^ £rr_or« Estimates 

In Table 4 we present a list of photochemical reactions considered 
to be of stratospheric interest. In cases where the data presentation is 
very complex, or where the reaction is of lesser importance, only a 
reference to a data source is given. For example, discussions of the 
absorption cross sections of O 2 and 0^, which largely determine the extent 
of penetration of solar radiation into the stratosphere and troposphere, 
are found in Hudson and Kieffer (1975), NASA RP 1049 ani WHO Report #11. 
The photodissociation of NO in the O 2 Schumann-Runge band spectral range 
is another Important pi'ocesa requiring special treatment (see Frederick 
and Hudson (1 97 9) and WHO Report #11). Some references are given on the 
photochemistry of SC 2 and CS 2 , but the data are not discussed here. These 
molecules have highly structured spectra with photodissociation quantum 
yields which are not simple functions of the wavelength. Other species, 
such as CH 2 O and NO 2 , also have complicated spectra, but in view of their 
Importance for atmospheric chemistry the data are summarized in the 
evaluation; for more detailed information on their high-resolution spectra 
and temperature dependence, the reader is referred to the original 
literature. 

Table 5 gives recommended reliability factors for some of the more 
important photochemical reactions. These factors represent the combined 
uncertainty in cross sections and quantum yields, taking into 
consideration the atmospherically important wavelength regions, and they 
refer to total dissociation rate regardless of product identity (exceot in 
the case of 0(^D) production from photolysis of O^). 




The absorption cross sections are defined by the following 
expression of Beer's Law: 

I = Ijjexp(-anl), 

where: 1^, I are the incident and transmitted light intensity, 
respectively, cr is the absorption cross section in cm^ molecaie”^, n is 
the concentration in molecule go”^, and 1 Is the pathlength ih cm. The 
cross sections are room temperature values, and the expected 
phptpdissoclation quantum yields are unity, unless otherwise stated. 
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OF POOR QUALITY 

Table 4 . Photochamlcal Reactions of Stratospheric Interest 


©2 ^ 0 + 0 

(1) 

CIONO -f hv products 


0^ + hv ©2 0 

(1) 

CIONO2 + hv -♦ products 


Oj + hv -*• O2 + 0(^D) 


CClj| hv products 


HOg + hu -► products 


CCljF + hv -*• products 


HgO + hu H + OH 

(1) 

CCI2F2 + hv -♦ products 


H2O2 + hu OH + OH 


CHClFg + hv -*• products 


NO + hu ->- H + 0 

(2) 

CH^Cl + hv ->• products 


NO2 + hu •> NO + 0 


CCI2O + hv products 


NOj + hu products 


CCIFO + hv -► products 


NjO + hu Nj + 0 (’d) 


CF2O + hv -► products 


N2O5 + hu -► products 


CHjCClj + hv -<■ products 


NHj + iK' -► NH2 + H 

(1) 

Br0N02 + hv -► products 


HNO2 -► hv + OH + NO 


HF + hv - H + F 


HNOg + hv ■> OH + NO2 


CO + hv C + 0 

(1) 

HKOjj + hv -*■ products 


CO2 + hv CO + 0 

(1) 

CI2 ^ h\) Cl + Cl 


CH|j + hv -> products 

( 3 ) 

CIO + hv > Cl + 0 


CH2O + hv + products 


ClOO + hv -*• products 


CH^OOH + hv -*■ products 


OCIO + hv •> 0 ♦ CIO 


HCN + hv -*■ products 


CIO^ * hv ->■ products 


CHjCN + hv *■ products 


HCl + hv -» H + Cl 


SO2 + hv SO + 0 


HOCl + hv -► OH + Cl 


H2S + hv - HS + H 

( 3 ) 

CINO + hv -> Cl + NO 


COS + hv -> CO ♦ S 


CINO2 + hv -*■ products 


CS2 + hv -► products 



( 1 ) Hudson and Kieffer ( 1975 ) 

( 2 ) Frederick and Hudson ( 1979 ) 

( 3 ) Turco ( 1975 ) 
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Table 5« Combined Uncertainties for Cross Sections and 

Quantum Yields { 


Species 

Uncertainty 

Op (Schumann-Runge bands) 

1.4 

Op (Continua) 

1.25 

°3 

1.15 

O 3 0(^D) 

1 .U 

NOp 

1.25 

NO 3 

2.0 

NpO 

1.2 

NpOg 

2.0 

HpOp 

1 .M 

HNO 3 

1.25 

HOpNOp 

2.0 

CHnO 

1.4 



IlCl 

1.15 

HOCl 

1.4 

Cl ON Op 

1.25 

CCl^ 

1.1 

CCI 3 F 

1.1 

CClpFp 

1.15 

CH 3 CI 

1.1 

CFpO 

0 

• 

(M 

CH 3 OOH 

1.4 

BrONOp 

1.4 







Oj + Iw 0( ^D) ♦ Og 

The quantum yields for 0(^D) production, (((O^D), for wavelengths 
near 310 nm— i.e., the energetic threshold or fall-off region— have been 
measured mostly relative to quantum yields for wavelengths shorter than 
300 nm, which were assumed to be unity. There are now several studies 
which indicate that this assumption is not correct: Fairchild fil a 1. 
(1978) observed approximately 10$ of the primary photolysis products in 
the ground state channel, that is, 't>(0^P) - 0.1, at 274 nm; Sparks 
al . (1930) also report 4>(0^P) = 0.1, at 266 nm; according to Brook and 
Watson (1980b) ‘(•(O^D) = 0.86 at 266 nm; and Amlmoto gJL. (I960) 
report 'T(O^O) = 0.85 at 248 nm. There are also some indications 
that (0^0) decreases slightly between 304 and 275 nm (see Brock and 
Watson, I960 a, b). 

The eai^lier recommendation for the quantum yields in the fall-off 
region was to employ the mathematical expression given by Moortgat and 
Kudzus (1978), which gives relative values in gooo agreement with those 
reported by Brock and Watson (1980a). Our present recommendation, shown 
in Table 5, merely scales down these values by a factor of 0.9 to account 
for the absolute magnitude of 't'(O^D) at short wavelengths. 
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Table 6 


. Mathefflaclcal Expreaalon for 0(^D) Quantum Ylelda, 4> , in the 
Photolyola of 0^ 


4>(X,T) = A(t) arotanlB(T)(X-AQ(T))3 C(t) 

V/here: t = T - 230 ia a temperature function with T given in Kelvin, 
X la expreaaed in nm, and arotan in radlana. 


The coefflclenta A(t), B(t), X^(t) and C(i) are expreaaed aa 
interpolation polynomlala of the third order: 

A(t) = 0.332 + 2.565 x 10 “^t 1-152 x lO"®^ ^ ♦ 2.313 x 10"®^ ^ 

B(t) = -0.575 + 5.59 x lO'^x -1.^439 x 10"5 - 3.27 x 10*® 

Xo(t) - 308.20 14.4871 X lO'^x ■►6.9380 x 10“^ ^2 _ 2.54,52 x 10’® x^ 

C(i) = 0.466 8.883 X lO"**! -3.546 x 10*® x^ * 3.519 x 10*'*' x^» 


In the limits where i{>(x,T) > 0.9, the quantum yields ia set <J> = 0.9, and 
similarly for iHX.T) < 0, the quantum yield is set if =0. 



/ 
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HOg + hv -»■ OH + 0 

The absorption cross sections of the hydroperoxyl radical, HO2, in 
the 200-250 nn region have been measured at room temperature by Paukert 
and Johnston (1972), Hochanadel (1972) and Cox Burrows (197 9)« 
Hochanadel (I960) give a cross section value of 4.0-0.5 x 10“^® cm^ 
at 205 nm, and Sander (1982) a value of 3-0-0. 4 x 10"^® cm® at 
227.5 nm. 

The shape of the spectrum reported by the first three groups cited 
above is In reasonable agreement. The recommended absorption cross 
sections, listed in Table 7, are computed from the mean of the three after 
normalization of each spectrum to the value at 227.5 nm reported by Sander 
et al . (1982). This latter study gives the most direct measurement of an 
absolute cross section value for HO2. 

Table 7. Absorption Cross Sections of HOj 


^ ( nm) . . 

10^°o(cm2) 

190 

430 

200 

480 

210 

490 

220 

400 

230 

260 

240 

120 

250 

50 
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HgOg + hv -> OH + OH 

The recommended absorption cross section values, listed In Table 8, 
are the mean of the data of Lin a 1. (1978b) and of Molina and Molina 
(1980). This latter work supersedes the earlier results of Molina aI« 
(1977a). 

Table 8. Absorption Cross Sections of H^Oo Vapor 


A 

(nm) 

1fl20a 
- (cm^) 

A 

- (m) 

1o2°a 

190 

67.2 

270 

3.2 

195 

56.3 

275 

2.5 

200 

47.5 

280 

2.0 

205 

39.8 

265 

1.5 

210 

34.9 

290 

1.13 

215 

29.9 

295 

0.87 

220 

25.4 

300 

0.66 

225 

21.3 

305 

0.49 

230 

17.9 

310 

0.37 

235 

14.8 

315 

0.28 

240 

12.2 

320 

0.20 

245 

10.0 

325 

0.15 

250 

8.3 

330 

0.12 

255 

6.7 

335 

0.09 

260 

5.2 

340 

0.07 

■ 265 

4.2 

345 

0.05 



350 

0.03 





I 

I 
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NOg + hrj ■* NO + 0 

Table 9 lists the recommended absorption cross sections of nitrogen 
dioxide, taken from the work of Bass O 976 ), who report extinction 

coefficients every 1/8 nm between 185 and 410 nm at 298 K, and between 290 
and 400 nm at 235 K. The effect of the dimer (NgO,^) absorption was 
considered In detail, and the measurements are probably correct to within 
ilO*. 

Barker al* (1977) have reported measurements of absorption cross 
sections and quantum yields In the 375-420 nm region. Their cross 
sections are 4-10^ larger ♦'han the values reported by Bass £jt ai. (1976), 
and their quantum yields are, on the average, about 15$ smaller than those 
measured by Jones and Bayes (1973), whose data provided the basis for 
earlier recommendations. Recent measurements of the quantum yields by 
Davenport (1978) at six different wavelengths agree very well with those of 
Barker al« The recommended values for the quantum yields, presented In 
Table 9, are those of Barker ii. (1977). Davenport's results indicate 
that the quantum yields themselves are temperature dependent, although the 
effect of temperature on the cross sections is more pronounced. 

For quantum yields In the 295-365 nm region the recommendation Is to 
use the expression given by Jones and Bayes (1973)» listed at tne bottom 
of Table 10. More accurate values should be established In this 
wavelength region, although their contribution to the overall atmospheric 
photodissociation rate Is not of major Importance. Direct measurements of 
the solar photodissociation rate in the troposphere (Stedman fii 1975; 

Dickerson and Btedman, 198 O} indicate that the present data base is 
adequate for atmospheric modeling purposes. 
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Table 9. NOg Absorption Cross Sections at 235 and 298 K 


p 

1 

\ 

(nm) 

10^®o(cm^) 

A 

(nia) 

102°a 

(co^) 

235 K 

298 K 

235 K 

298 K 

185 


26.0 

300 

10.9 

11.7 

190 


29.3 

305 

16.7 

16.6 

195 


24.2 

310 

18.3 

17.6 

200 


25.0 

315 

21.9 

22.5 

205 


37.5 

320 

23.5 

25.4 

21C 


38.5 

325 

25.4 

27.9 

2-(5 


40.2 

330 

29.1 

29.9 

220 


39.6 

335 

31.4 

34.5 

225 


32.4 

340 

32.3 

38.8 

230 


24.3 

345 

34.3 

40.7 

235 


14.8 

350 

31.1 

41.0 

240 


6.70 

355 

43.7 

51.3 

245 


4.35 

360 

39.0 

45.1 

250 


2.83 

365 

53.7 

57.8 

255 


1.45 

370 

48.7 

54.2 

260 


1 .90 

375 

50.0 

53.5 

265 


2.05 

380 

59.3 

59.9 

270 

. 

3.13 

385 

57.9 

59.4 

275 


4.02 

390 

54.9 

60.0 

280 


5.54 

395 

56.2 

58.9 

285 


6.99 

400 

66 .6 

67.6 

290 

6.77 

8.18 

405 

59.6 

63.2 

295 

8.52 

9.67 

410 

53.2 

57.7 






Table 10. Quantum Ylelda for NO2 Photolysis 


.X,nm 

<!> 

X , nm 


X ( nm 

<I> 

375 

0.73 

389 

0.74 

400 

0.65 

376 

0.75 

390 

0.74 

401 

0.62 

377 

0.86 

391 

0.81 

402 

0.57 

378 

0.7'« 

392 

0.73 

403 

0.50 

379 

0.83 

393 

0.78 

404 

0.40 

380 

0.81 

39'J 

0.83 

405 

0.32 

381 

0.73 

394.5 

0.78 

406 

0.30 

382 

0.65 

395 

0.81 

407 

0.23 

383 

0.62 

395.5 

0.75 

408 

0.18 

38*1 

0.66 

396 

0.78 

409 

0.17 

385 

0.70 

396.5 

0.81 

410 

0.14 

386 

0.7*» 

397 

0.77 

411 

0.10 

387 

0.69 

398 

0.72 

415 

0.067 

388 

0.76 

399 

0.70 

420 

0.023 

295-365 nm: 

: '^(\) - 

1.0-0.0008 

(X -275) 









NOg + hv NO + Og ('!' i)' 

NOg + 0 (ig) 

The absorption cross sections of the ->ltrate free radical, NO^, have 
been studied by (1) Johnston and Grahan (1974); (2) Graham and Johnston 
(1978); (3) Mitchell jeJt Ai. (1980); and (4) Harinelll al. (1982). The 
1st and 4th studies required calculation of the NO^ concentration by 
modelling a complex kinetic system. The 2nd and 3rd studies are the most 
direct ones and the results In terms of Integrated absorption coefficients 
are in very good agreement; the discrepancies in peak heights can be 
attributed to the difference in instrumental resolution, which was higher 
in the 2nd study. The recommended absorption cross sections, listed in 
Table 10 for every 2 nm, are taken from this latter study (Graham and 
Johnston, 1978), which reports values evei'y nm. 

The 4th study was designed to characterize under high resolution the 
strong absorption band around 662 nm; for spectroscopic measurements of 
NOj in the atmosphere the preferred cross sections are those reported in 
this 4th study, which have been scaled to yield the same Integrated 
absorption coefficient as in the 2nd and 3rd studies. 

The quantum yields 4’^ and 4>2 have been measured by Graham and 
Johnston (1978) and under higher resolution by Magnotta and Johnston 
(1980), who report the product of the cross section times the quantum 
yield in the 400 to 630 nm range. The total quantum yield value 4^ + 
computed from the results of this latter study ana tne cross sections of 
Graham and Johnston (1)80), listed in Table 11, are above unity for ,\ <610 
nn, which is, of course, impossible; hence, there is some systematic error 
and it is most likely in the primary quantum yield measurements. Magnotta 
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and Johnston (1980) and Marinelli (1982) have discussed the 

probable sources of this error, but the question remains to be resolved 
and further studies are In orde-'. At present, the recommendation remains 
unchanged from our previous one, namely, to use the following 
photodlssoclatlon rates estimated by Magnotta and Johnston (1980) for 
overhead sun at the earth’s surface: 

J^(N0 + O 2 ) = 0.022 3 “^ 

J2(N02 -*• 0) = 0.18 s”’. 










I 
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NgO + Iw -+ Ng + 0 (''d) 

The recommended values are taken from the work of Selwyn fiJt al . 
(1977), who measured the temperature dependence of the absorption cross 
sections in the atmospherically relevant wavelength region. They have 
fitted their data with the expression shown in Table 12. Hubrlch and 
Stuhl (1980) have recently measured the NgO cross sections at 298K and 
208K, and their results are in very good agreement with those of Selwyn 
al. 


Table 12. Mathematical Expression for Absorption Cross 
Sections of NgO as a Function of Temperature 
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OWG'NAL 

NgOg + hv -*• products OF POOR 

The absorption cross sections of dinltrogen pentoxlde, NgO^, have 
been measured at room temperature by Jones and Wulf (1937) between 285 and 
380 nm> by Johnston and Graham (197^) between 210 and 290 nm, by Graham 
( 1979 ) between ^05 and 310 nm; and for temperatures In the 223 to 300 K 
range by Yao Al« (1982), between 200 and 380 nm. The agreement is gooo 
particularly considering the difficulties in handling ^2^5* 
recommended cross section values, listed in Table 13, are taken from Yao 
et al. ( 1982 ); for wavelengths shorter than 280 nm there is little or no 
temperature dependence, and between 285 and 380 nm the temperature effect 
is best computed with the expression listed at the bottom of Table 13 . 

The prlmeur'y quantum yield for photodissociation appears to be unity 
and the primary products appear to be 2N0g + 0 (Connell, 1979; Magnotta, 
1979). 

Table 13- Absorption Cross Sections of K^O- 


page is 

qoautv 


X(nm) 

10^®o(cm^) 

A( nm) 

10^®o(cm^) 

200 

920 

2A5 

52 

205 

820 

250 

40 

210 

560 

255 

32 

215 

370 

260 

26 

220 

220 

265 

20 

225 

14A 

270 

16.1 

230 

99 

: 275 

13,0 

235 

77 

280 

11.7 

2U0 

62 



For 285 

nm > A >380 

nm; 300 K 

> T > 225 K: 

cP 

CM 

0 

= exp[2.735 + 

(4728.5 - 

17.127 A )/T] 

Uhere a/cm^; A/nm; 

r/K. 
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HONO + Iw -> HO + NO 

The ultraviolet spectruD of HONO between 300 and UOO nm has been 
studied by StoCkwell and Calvert 0978) by examination of its equilibrium 
mixtures with NO, NO 2 ; H 2 O, N20^ and N 2 OJ 1 ; the possible interferences by 
these compounds were taken into account. The recommended cross sections, 
taken from this work, are listed in Table 14. 

Table 14. HONO Absorption Cross Sections 


\ 

( nm) 

lO^Oa 

( cn^l 

X 

f nml 

IO^Oq 

(cm^l 

X 

(nml 

102°o 

(cm^) 

310 

0.0 

339 

16.3 

368 

45.0 

311 

0.0 

340 

10.5 

369 

29.3 

312 

0.2 

341 

8.70 

370 

11.9 

313 

0.42 

342 

33.5 

371 

9.46 

314 

0.46 

343 

20.1 

372 

8.85 

315 

0.42 

344 

10.2 

373 

7.44 

316 

0.3 

345 

8.54 

374 

4.77 

317 

0.46 

346 

8.32 

375 

2.7 

318 

3.6 

347 

8.20 

376 

1.9 

319 

6,10 

348 

7.49 

377 

1.5 

320 

2.1 

349 

7.13 

378 

1.9 

321 

4.27 

350 

6.83 

379 

5.8 

322 

4.01 

351 

17.4 

380 

7.78 

323 

3.93 

352 

11.4 

381 

11.4 

324 

4.01 

353 

37.1 

382 

14.0 

325 

4.04 

354 

49.6 

383 

17.2 

326 

3.13 

355 

24.6 

384 

19.9 

327 

4.12 

356 

11.9 

385 

19.0 

328 

7.55 

357 

9.35 

386 

11.9 

329 

6.64 

358 

7.78 

387 

5.65 

330 

7.29 

359 

7.29 

388 

3.2 

331 

8.70 

360 

6.83 

389 

1.9 

332 

13.8 

361 

6.90 

390 

1.2 

333 

5.91 

362 

7.32 

391 

0.5 

334 

5.91 

363 

9.00 

392 

0.0 

335 

6.45 

364 

12.1 

393 

0.0 

336 

5.91 

365 

13.3 

394 

0.0 

337 

4.58 

366 

21.3 

395 

0.0 

338 

19.1 

367 

35.2 

396 

0.0 
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HNOj + hv OH + NOg OF POOR QUAU« 

The recommended absorption cross sections, listed In Table 15* are 
taken from the work of Hollna and Molina (I960). These data are in good 
agreement throughout the 190-330 nm range with the values reported by 
Blaume (1973)> They are also In very good agreement with the data of 
Johnston and Graham (1973) except towards both ends of the wavelength 
range. Okabo (1980) has measured the cross sections In the 110-190 nm 
range; his results are 20-30t lower than those of Blaume and of Johnston 
and Graham around 185-190 nm. 


The temperature dependence of these cross sections has not been 
measured yet; It might be significant in the 300 nm region and hence for 
estimates of the atmospheric photodissooiatlon rate. 







HO 2 NO 2 + hv -*• products 

There are four studies of the OV spectrum of HO 2 NO 2 vapor: Cox and 
Patrick ( 1979 ), Morel (1980), Graham ai. (1978b) and Molina and 

Molina (1980). The latter two studies are the only ones covering the gas 
phase spectrum in the critical v;avelength range for atmospheric 
photodissociation, that is, wavelengths longer than 290 nm. The 
recommended values, listed in Table I 6 are taken from the work of Hollra 
and Molina (I960), which is the more direct study. The temperature 
dependence of the cross sections at these longer wavelengths and the 
identity of the photodissociatioii products remetin to be determined. 


Table 16. Absorption Cross Sections of HO 2 NO 2 Vapor 


X 

(nm) 

IO^Oq 

(cm^) 

X 

(nm) 

10^°a 

(cm^) 

190 

1010 

260 

27.8 

195 

816 

265 

22.4 

200 

563 

270 

17.8 

205 

367 

275 

Id. 4 

210 


280 

9.3 

215 

1614 

285 

6.3 

220 

120 

290 

4.0 

225 

95.2 

295 

2.6 

230 

80.8 

300 

1.6 

235 

69.8 

305 

1.1 

2J40 

59.1 

310 

0.7 

2H5 

«*9.7 

315 

0.4 

2*^0 

CO 

• 

320 

0.3 

255 

35.1 

325 

0.2 



330 

0.1 




are taken 


Clg + hv -*■ Cl + Cl 

The absorption cross sections of CI 2 , listed In Table 17, 
from the work of Seery and Britton (1964). These results are In good 
agreement with those reported by Gibson and Bayllss (1933)> and Fergusson 
Sl aL* (1936). 


Table 17. Absorption Cross Sections of CI 2 


X(nm) 

1020o(cm2) 

X (nn) 

1020o(cnj2) 

240 

0.08 

350 

18.9 

250 

0.12 

360 

13.1 

260 

0.23 

370 

8.3 

270 

0.88 

380 

4.9 

280 

2.7 

390 

3.3 

290 

6.5 

400 

1.9 

300 

12.0 

410 

1.3 

3:0 

18.5 

420 

0.99 

320 

23.6 

430 

0.73 

330 

25.6 

440 

0.53 

340 

23.6 

450 

0.34 
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The absori>tlon cross sections of chlorine monoxide, CIO, have been 
reviewed by Watson (1977). There are some recent measurements yielding 
results In reasonable agreement with the earlier ones, by Mandelman and 
Nlcholls (1977) in the 250-310 nm region; by Wine at al. (1977) around 283 
nm; and by Rlgaud at al* (1977) and Jourdaln £t al> (1978) in the 270-310 
im region. 

The calculations of Coxon at aJL* (1976) and Langhoff at aJL* (1977) 
Indicate that photodecomposition of CIO accounts for at most 2 to 3 
percent of the total destruction rate of CIO in the stratosphere, which 
occurs predocalnantly reaction with oxygen atoms and nitric oxide. 



ClOO ♦ hv -*■ CIO + 0 

Johnston (1969) measured the absorption cross sections of the 

ClOO radical using a molecular-modulation technique which required 
Interpretation of a complex kinetic scheme. The values listed In Table 18 
are taken from their work. 

Table 16. Absorption Cross Sections of ClOO 




1020a(cm2) 


A (ms) 


10^®a(cm^) 
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f 
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OCIO + hv -► 0 + CIO 

The spectrum of OCIO Is cbaracterlxed by u series of well developed 
progression of bands extending from •> 230 to 480 nm. The spectroscopy of 
this molecule has been studied extensively, and the quantum yield for 
photodlssoclatlon appears to be unity throughout the above wavelength 
range— see, for exijnple, the review by Watson (1977). 

Blrks (1977) have estimated a half-life against atmospheric 

photodlssoclatlon of OCIO of a few seconds. 
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CIO3 + hv -► products 

Table 19 lists aosorptlon cross sections of chlorine trloxlde, CIO3, 
for the 200 to 350 nm range obtained by graphical interpolation between 
the data points of Goodeve and Richardson (1937). Although the quantum 
yield for decomposition has not been measured, the continuous nature of 
the spectrum indicates that it is likely to be unity. 


Table I9. 

CIO3 

Absorption 

Cross Sections 

X 

1020o 

X 

1020„ 

(nm) 

(cm2) 

(nm) 

(cm2) 

200 

530 

280 

460 

210 

500 

290 

430 

220 

1(80 

300 

400 

230 

1430 

310 

320 

2<t0 

350 

320 

250 

250 

370 

330 

180 

260 

1(30 

340 

no 

270 

450 

350 

76 






HCl + hj -*■ H + Cl 

Tbe absorptions cross sections of HC1» listed In Table 20, are taken 
from the work of Inn (1975). 


Table 20. Absorption Cross Sections of HCl Vapor 


X 

(nm) 

lO^Oo 

(cm2) 

X 

(nm) 

1o20o 

(cm2) 

11)0 

211 

185 

31.3 

IDS 

281 

190 

14.5 

150 

3U5 

195 

6.18 

155 

382 

200 

2.56 

160 

332 

205 

0.983 

165 

248 

210 

0.395 

170 

163 

215 

0.137 

175 

109 

220 

0.048 

180 

58.8 









HOCl + hv -► OH ♦ Cl 


Knauth 0979) have aeasure(i absorption cross sections of HOCl 

using essentially the same technique as Molina and Molina (1978) except 
for a higher temperature, which allowed them to obtain a more accurate 
value for the equilibrium constant Keq for the H2O-CI2O-HOCI system* The 
cross section values from Molina and Molina's measurements recalculated 
using the new Keq are in excellent agreement with the results of Knauth 

The recommended values, taken from this later work, are presented in 
Table 21. 

Molina ai. (1980b), by monitoring directly OH radicals produced 
by laser photolysis of HOCl, obtain an absorption cross section value of 
<-6 X 10~^^cm^ around 310 nm, again in excellent agreement with the data of 
Knauth at al- (1 979). 

In contrast, the theoretical predictions of Jafre and Langhoff 
(1978) indicate negligible absorption at those wavelengths. The reason is 
not known, although It should be pointed out that no precedent exists to 
validate the theoretical approach for this particular type of problem. 


/ 
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CINO * hv -*■ Cl + NO 


Nltrosyl chloride has a continuous absorption extending beyond 650 
nanometers. There is good agreement between the work of Martin and Gareis 
( 1956 ) for the 240 to 420 no wavelength region, of Ballash and Armstrong 
(1974) for the I 85 to 540 nm region, and of lilies and Takacs 81976) for 
the 190 to 400 nm region. These results indicate that the early data of 
Goodeve and Katz (1939) were seriously in error between 186 and 300 nm, 
whereas, at longer wavelengths, they are in good agreement with the more 
recent measurements. 

The recommended absorption cross sections, listed in Table 22, are 
obtained by taking the mean of the results of Ballash and Armstrong (1974) 
and of lilies and Takacs (1976). The two sets of measurements agree 
within 20 percent, except in the region near 240 nm, where the values of 
Ballash and Armstrong are about 60 percent higher. 

The quantum yield for the primary photolytlc process has been 
reviewed by Calvert and Pitts (1967); it is unity over the entire visible 
and near-ultraviolet bands. 




/ 
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Table ^2. CINO Absorption Cross Sections i 


X(nm) 

1020a(cm2) 

190 

5270 

200 

6970 

210 

3180 

220 

1170 

230 

377 

2«0 

13*1 

260 

18.0 

280 

10.3 

300 

1 

9.5 

320 

12.1 

3><0 

13.7 

360 

12.2 

380 

8.32 

il00 

5.1»» 





C 1 K 02 + hv -*• products 

The absorption cross sections of nltryl chloride, CINO 2 , have been 
measured between 230 and 330 nn by Martin and Garels (1956), between 185 
and 400 nm by lilies and Talcacs (1976), and between 270 and 370 na by 
Nelson and Johnston (1981). The results are In good agreement below 300 
nn. Table 23 lists the recoumended values which arc taken from lilies and 
Takacs (1976) between 190 ard 270 nm, and from Nelson and Johnston (1981) 
between 270 and 370 nm. These latter authors showed that a -69 CI 2 
impurity in the samples used by lilies and Takacs could explain the 
discrepancy in the results above 300 nm. 

Nelson and Johnston (1981) report a value of one (within 
experimental error) for the quantum yield for production at Cl atoms; they 
also report a negligible quantum yield for the production of oxygen atcxns. 

Table 23. Absorption Cross Sections of CINO 2 


A(nm) 

102®o(cm2) 

X(nm) 

10^®o (cm^) 

190 

26 90 

220 

18.1 

200 

455 

300 

15.5 

210 

339 

310 

12.5 

220 

3>»2 

320 

8.70 

230 

236 

330 

5.58 

240 

140 

340 

3.33 

250 

98.5 

350 

1.78 

260 

63.7 

360 

1.14 

270 

37.2 

370 

0.72 

280 

22.3 
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CIONO + hj -► products 

Measuremeilts in the near-ultraviolet of the cross sections of 
chlorine nitrite (CIONO) have been made by Molina and Molina (1977)> 
Their results are listed in Table 24. The characteristics of the spectrum 
and the instability of CIONO strongly suggest that the quantum yield for 
decomposition is unity. The Cl-0 bond strength is only about 20 
kilocalories, so that chlorine atons are likely photolysis products. 

Table 24. CIONO Absorption Cross Sections at 231 K 


X 

(nm) 

lo20a 

(cm^) 

X 

<nm) 

1020a 

(cm^) 

235 

215.0 

320 

80.3 

240 

176.0 

325 

75.4 

245 

137.0 

330 

58.7 

250 

106.0 

335 

57.7 

255 

65.0 

340 

43.7 

260 

64.6 

345 

35.7 

265 

69.3 

350 

26.5 

270 

90,3 

355 

22.9 

275 

110.0 

360 

16.1 

280 

132.0 

365 

11.3 

285 

144.0 

370 

9.0 

290 

144.0 

375 

6.9 

295 

142.0 

380 

4.1 

300 

129.0 

385 

3.3 

305 

114.0 

390 

2.2 

310 

105.0 

395 

1.5 

315 

98.1 

400 

0.6 
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CIONO 2 + hv -*■ products 

The recommended cross section values, listed In Table 25, are taken 
from the work of Molina and Molina (1979), which supersedes the earlier 
work of Rowland, Spencer and Molina (1976). 

The Identity of the primary photolytlc fragments has been 
Investigated by several groups. Smith a 1. (1977) report 0 CIONO as 
the most likely products, using end product analysis and steady-state 
photolysis. The results of Chang (1979), who employed the "Very 

Low Pressure Photolysis" (VLPPh) technique, Indicate that the products are 
Cl NO^. Adler-Golden and Wlesenfeld (1981), using a flash photolysis 
atomic absorption technique, find 0-atoms to be the predominant photolysis 
product, and report a quantum yield for Cl-atom production of less than 
The preferred results are those of Chang sX a 1. (1979), and it 
appears that the reason Adler-Golden and Wlesenfeld failed to observe Cl 
was that the rate constant for Cl + CINO^ is much faster (two orders of 
magnitude) than thought at the time of their experiments, Hargltan (1982), 
and the Cl had disappeared on the time scale of their observations. Very 
recent studies by Margltan ( 1982 ) on CINO^ photolysis show a near 100K 
yield of atomic Cl. None of these studies have been carried out at 
wavelengths longer than 290 nm, which is the relevant range for 
atmospheric photodlssoclatlon. Further studies are required on this 


question 





HALOCARBON ABSORPTION CROSS SECTIONS AND QUANTUM YIELDS 

The primary proceaa In the photodlaaociatlon of ohlorinated 
hydrocarbons Is well established: absorption of ultraviolet radiation In 
the lowest frequency band Is Interpreted as an n- * transition Involving 
excitation to a repulsive electronic state (antibonding In C-Cl), which 
dissociates by breaking the oarbon-chlorlne bond (Hajer and Simons, 1964). 
As expected, the chlorofluorometbanes — which are Just a particular type of 
chlorinated hydrocarbons— behave In this fashion (Sandorfy, 1976). Hence, 
the quantum yield for photodlssoclatlon is expected to be unity for these 
compounds. There are several studies which show specifically that this is 
the case for CF 2 CI 21 CPCl^ aand CClj,. These studies— which have been 
reviewed in CODATA (1982)— also indicate that at shorter wavelengths two 
halogen atoms can be released simultaneously in the primary process. 

Several authors have investigated recently the absorption cross 
sections for CCljj, CCl^F, CCI 2 F 2 , CHCIF 2 , and CH^Cl — e.g., Hubrioh et al. 
( 1977 ); Hubrich and Stuhl (I960); Vaniaethen-Meuree at al . (1978a,b); 
Green and Wayne (1976-1977) — and their results are in general In very good 
agreement with our earlier recommendations. Tables 26, 27 and 28 list the 
present recommencatlons for the cross sections of CClj|, CCl^F and CCI 2 F 2 
respectively; these data are given by the mean of the values reported by 
various groups — those cited above as well as those referred to In earlier 
evaluatlons--as reviewed by CODATA (1982). For atmospheric 
photodlssoclatlon calculations the change in the cross section values with 
temperature is negligible for CCljj and CFCl^; fcr CF 2 CI 2 the temperature 
dependence is given by the expression at the bottom of Table 28. 

The species CHC1F2, CH^Cl and CH^CCl^ are discussed individually; 
their absorption cross sections are listed in Tables 29, 30 and 32, 
respectively. 

The ebsorptiun cross sections for various other halocarbons not 



Hated in thia evaluation have been inveatlgated recently. For CCIF^, 
CCl2FCClF2t CCIF2CCIF2 and CCIF2CF3 the valuea given by Hubrlcb and Stuhl 
(1980) at 298 K are In very good agreeaent with the earlier results or 
Chou (1978) and of Robbins ( 1977 ); Hubrlch and Stuhl also report 

values of 208 K for these species. 

Absorption cross sections have also been measured recently for 
several other halocarbons, Including the following: CKCI2F by Hubrlch 
Ai. ( 1977 ); CHCI3, CH2CI2, CH2CIF, CF3CH2CI, CH3CCIF2 and CH3CH2CI by 
Hubrlch and Stuhl (I9C0); CHCI3, CH3Br, CHFCI2, C2F4Br2, C2HCI3 and 
C2H3CI3 by Robbins ( 1977 ); CH2CI2 and CHCI3 by Vanlaethem-Meuree sJt a 1 « 
( 1978 a); CHCI2F, CCIF2CH2CI, CF3CH2CI, CF3CHCI2 and CH3CF2CI by Green and 
Wayne ( 1976 - 1977 ).' and CH^Br, CHgBrj, CBrFj, CBr2F2, CBrClF2, CBrF2CBrFj 
and CBrF2CF3 by Molina At Ai- ( 1982 ). 

For atmospheric modeling purposes the present recommendations for 
halocarbon cross section values are essentially the same as those listed 
in our previous evaluation. As before, the recommendation for the 
photodissociation quantum yield value is unity for all these species. 



Table 26. Absorpt.lon Cross Sections of CClj) 


X(nm) 

lO^^oCcm^) 

X(nm) 

1020a(cm2) 

17U 

995 

218 

21.8 

176 

1007 

220 

17.0 

178 

976 

222 

13.0 

100 

772 

224 

9.61 

182 

589 

226 

7.19 

184 

450 

228 

5.49 

186 

318 

230 

4.07 

188 

218 

232 

3.01 

190 

144 

234 

2.16 

192 

98,9 

236 

1.51 

194 

74.4 

238 

1.13 

196 

68.2 

240 

0.784 

198 

66.0 

242 

0.579 

200 

64. » 

244 

0.414 

202 

62.2 

246 

0.314 

204 

60.4 

248 

0.240 

206 

56.5 

250 

0.163 

208 

52.0 

255 

0.0661 

210 

46.6 

260 

0.0253 

212 

39.7 

265 

0.0126 

214 

33.3 

270 

0.0061 

216 

27.2 

275 

0.0024 
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CHClFg + itJ products 

The preferred absorption cross sections, listed in Table 29, are tbe 
mean of the values reported by Robbins and Stole'' ski (1976) and Chou ^ 
(1976), which are in excellent agreement with each other. Hubrich et 
(1977) have reported cross sections for CHCIF 2 K and 208 K. 

Their results Indicate a significant temperature dependence for X > 200 
nm, and their room temperature values are somewhat higher than those of 
the former two groups. 

Photolysis of CHCIF 2 is rather unimportant throughout the 
atmosphere; reaction with OH radical is the dominant destruction process. 


Table 29* Absorption Cross Sections of CHCIF 2 


X(nm) 

1020o(cm2) 

174 

5.94 

176 

4.06 

178 

2.85 

180 

1.99 

182 

1.30 

184 

0.625 

186 

0.476 

188 

0.339 

190 

0,235 

192 

0.157 

194 

0.100 

196 

0.070 

198 

0.039 

200 

0.026 

202 

0.022 

204 

0.013 
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+ hv -► products 

The preferred absorption cross sections, listed in Table 30, are 
those given by Vanlaethem-Meuree ^ Stl.. (1978b). These values are In 
very good agreeaent with those reported by Bobbins (1976) at 298 K, as 
well as with those given by Hubrich aJ; ai. (1977) at 298 K and 208 K, If 
the temperature trend Is taken into consideration. 
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Table 30. Ab^crptlon Cross Sections of CH 3 CI 


X 

(nm) 

1020o(cm^) 

296 K 

279 K 

255 K 

186 

24.7 

24.7 

24.7 

188 

17.5 

17.5 

17.5 

190 

12.7 

12.7 

12.7 

192 

8.86 

8.86 

8.86 

194 

6.03 

6,03 

6.03 

196 

4.01 

4.01 

4.01 

198 

2.66 

2.66 

2.66 

200 

1.76 

1.76 

1.76 

202 

1.09 

1.09 

1.09 

204 

0.691 

0.691 

0.691 

206 

0.483 

0.475 

0.469 

208 

0.321 

0.301 

0.286 

210 

0.206 

0.189 

0.172 

212 

0.132 

0.121 

0.102 

214 

0.088 

0.074 

0.059 

216 

0.060 

0.048 

0.033 
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CCI 2 O ♦ hv -*• products, CCIFO + iw -► products, and CF 2 O + products 

Table 31 shows the absorption cross sections of CCI 2 O (phosgene) and 
CFCIO given by Chou al- (1977a), and of CF 2 O taken from the work of 
Molina and Molina (1982). The spectrum of CF 2 O shows considerable 
structure; the values listed In Table 31 are averages over each 50- 
wavenumber Interval. The spectrum of CFCIO shows less structure, and the 
CCI 2 O spectrum Is a continuum; Its photodlssoclatlon quantum yield Is 
unity (Calvert and Pitts, 1967). 

The quantum yield for the photodlssoclatlon of CF 2 O at 206 nm 
appears to be -0.25 (Molina and Molina, 1982); additional studies of the 
quantum yield In the 200 nm rogion are required in order to establish the 
atmospheric photodlssoclatlon rate. 




Table 31 • Absorption Cross Sections of CCl20t CCIFO, and CP2O 


A 

1020o(cb2) 

(nm) 

CCI2O 

CCIFO 

CFgO 

184.9 

204.0 

- 

- 

186.0 

189.0 

15.6 

5.5 

187.8 

137.0 

14.0 

4.8 

189.6 

117.0 

13.4 

4.2 

191.'» 

93 

12.9 

3.7 

193.2 

69.7 

12.7 

3.1 

195.1 

52.5 

12.5 

2.6 

197.0 

41 .0 

12.4 

2.1 

199.0 

31 .8 

12.3 

1.6 

201.0 

25.0 

12.0 

1.3 

203.0 

20.4 

11.7 

0.95 

205.1 

16.9 

11.2 

0.69 

207.3 

15.1 

10.5 

0.50 

209.4 

13.4 

9.7 

0.34 

211.6 

12.2 

9.0 

0.23 

213.9 

11.7 

7.9 

0.15 

216.2 

11.6 

6.9 

0.10 

218.6 

11.9 

5.8 

0.06 

221,0 

12.3 

4.8 

0.04 

223.5 

12.8 

4.0 

0.03 

226.0 

13.2 

3.1 

- 






CH 3 CCI 3 + hy -► products 

The absorption cross sections have been measured by Robbins (1977)» 
by Vanlaetbem-Meuree (1979) and by Hubrlcb and Stuhl (1980). These 
latter authors corrected the results to account for the presence of a UV- 
absorblng stabiliser In their samples, a correction which might account 
for the rather largo discrepancy with the other measurements. The results 
of Robbins (1977) and of Vanlaethem-Heuree (1979) are in good 
agreement. The recommended values are taken from this latter work (which 
reports values at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm, and In 
a separate table at wavelengths corresponding to the wavenumber Intervals 
generally used in stratospheric photodissociation calculations). Table 32 
lists the values at 210 K, 250 K and 295 K, every 5 nm; the odd wavelength 
values were computed by linear Interpolation. 



Table 32. Absorption Cross Sections of CH^CCl^ 


A 

(nm) 

102®o(cm^/ 

295K 

250K 

21 OK 

185 

265 

265 

265 

190 

192 

192 

192 

195 

129 

129 

129 

200 

81.0 

81.0 

81.0 

205 

46.0 

44.0 

42.3 

210 

24.0 

21.6 

19.8 

215 

10.3 

8.67 

7.47 

220 

4.15 

3.42 

2.90 

225 

1.76 

1.28 

0.97 

230 

0.700 

0.470 

0.330 

235 

0.282 

0.152 

0.088 

240 

0.102 

0.048 

0.024 
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HF + hv -> H + F 

The ultraviolet absorption spectrum of HF has been studied by Safary 
(1951). The onset of absorption occurs at X < 170 nm, so that 
photodlssoclatlon of HF should be unimportant In the stratosphere. 

CHgO + hv -*■ H + HCO (<1> , ) 

Hg + CO (ig) 

Bass a 1. (I960) have recently measured the absorption cross 
sections of formaldehyde with a resolution of 0.05 nm at 296 K and 223 K. 
The cross sections have also been measured by Moor! . £j^ al. (19b0) with 
a resolution of 0.5 nm in the 210-360 K temperature range; their values 
are -30% larger than those of Bass for wavelengths longer than 300 

nm. The recommended cross section values, listed in Table 34, are the 
mmean of the two sets of data (as computed in CODATA, 1982). 

The quantum yields have been reported with good agreement by 
Horowitz and Calvert (1978), Clark ai. (1978), Tang al. (1979), 
Moortgat and Warneck (1979), and Moortgat at al. (1981). The recommended 
values listed In Table 34 are taken from the latter work. The quantum 
yield 't’g pressure dependent for wavelengths longer than 329 nm, and is 
given by the expression at the bottom of Table 34, which is based on the 
values reported by Moortgat at al« (1981) for 300 K. 
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Table 34. Absorption Cross Sections and Quantum Yields for 
Photolysis of CH2O. 


X 

. (nm) 

1020j(cm2) 

(H * HCO) 

4> 

2 

(»2 * CO) 

290 K 

220 K 

240 

0.03 

0.08 

0.21 

0.42 

250 

0.13 

0.06 

0.24 

0.46 

260 

0.47 

0.47 

0.30 

0.48 

270 

0.86 

0.85 

0.40 

0.46 

280 

1.86 

1.93 

0.59 

0.35 

290 

2.51 

2.47 

0.71 

0.26 

300 

2.62 

2.58 

0,78 

0.22 

310 

2.45 

2.40 

0.77 

0.23 

320 

1.85 

1.71 

0.62 

0.38 

330 

1.76 

1.54 

0.17 

0.80 

340 

1.18 

1.10 

0 

0.69* 

350 

0.42 

0.39 

0 

0.40* 

360 

0.06 

0.02 

0 

0.12* 


Note: The values are averaged for 10 ntn Intervals centered on 


indicated wavelength. 

* : at p = 760 torn 

For \ > 329 nm, Is given by the following expression: 


1 - exp(112.8-0.3A7.\) 
^ 760 '■364-A^ 


X ; nra 
P ; torr 






CHjOOH + hv products 

Molina and Arguello (1979) have measured the absorption cross 
sections of CH^OOH vapor. Their results are listed In Table 35. 

Table 35. Absorption Cross Sections of CH^oOH 


A 

(ran) 

1020a 

(cm2) 

A 

(ran) 

102Qj 

(cm2) 

A 

(ran) 

102Qj 

(cm2) 


37.5 

260 

3.8 

310 

0.34 


22.0 

270 

2.3 

320 

0.19 

230 

13.8 

280 

1.5 

330 

0.11 

240 

8.8 

290 

0.90 

340 

0.06 

250 

5.8 

300 

0.58 

350 

0.04 
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HCN + hv products and CH3CN + hu -► products 

Herzberg and Innes (1975) have studied the spectroscopy of hydrogen 
cyanldei HCN, which starts absorbing weakly at X < 190 no. McElcheran jut 
(19^3) have reported the spectrum of methyl cyanide, CH^CN; the first 
absorption band appears at X < 216 nm. 

The solar photodissociation rates for these molecules should be 
rather small, even in the upper stratosphere: estimates of these rates 
would require additional studies of the absorption cross sections and 
quantum yields in the 200 nm region. 





SOg + hv -> products 

The UV absorption spectrum of SO2 is highly structured, with a very 
weak absorption in the 340-390 nm region, a weak absorption in the 260-340 
nn, and a strong absorption extending from 180 to 235 nm; the threshold 
wavelength for photodissociation is -220 nm. The atmospheric 
photochemistry of SO 2 has been reviewed by Calvert at (1978), the 
conclusion being that direct photooxldatlon at wavelengths longer than 
-300 nm by way of the electronically excited states of SOg is relatively 
unimportant. 


OCS + h\) ■+■ CO + S • 

The absorption cross sections of OCS have been measured by Chou 
(1979) between 186 .and 226 nm, at 296, 251 and 232 K (the results are 
unpuDlished); by Breckenrldgs and Taube (1970), who presented their 298 K 
results In graphical form, between 200 and 260 nm; by Rudolph and Inn 
(1981) between 200 and -300 nm (see also Turco a 1>, 1981), at 297 and 

195 K; and by Molina (1981) between 180 and 300 nm, at 295 and 225 

K. The results are In good agreement In the regions of overlap, except 
for \ > 280 nm, where the cross section values reported by Rudolph and Inn 
(1981) are significantly larger than those reported by Molina a 1. 
(1981). The latter authors concluded that solar photodissociation of OCS 
in the troposphere occurs only to a negligible extent. 

The recommended cross sections, given in Table 36 , are taken from 
Molina (1981). (The original publication also lists a table witM 

cross sections values averaged over 1 n.m intervals, between 185 and 300 
nm) . 

The recommended quantum yield for photodlssoclatlon is 0.72. This 
value Is taken from the work of Rudolph and Inn (1981), who measured the 
quantum yield for CO production in the 220-25*1 nm range. 
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Table 36. Absorption Cross Sections of OCS 


A 

(nm) 

lO^Qd (cm2) 

X 

(nm) 

1020o(cm2) 

295 K 

225 K 

295 K 

225 K 

186.1 

18.9 

13.0 

228.6 

26.8 

23.7 

187.8 

8.33 

5.63 

231.2 

22.1 

18.8 

189.6 

3.75 

2.50 

233.9 

17.1 

14.0 

191.4 

2.21 

1.61 

236.7 

12.5 

9.72 

193.:’ 

1.79 

1.53 

239.5 

8.54 

6.24 

195.1 

1.94 

1.84 

242.5 

5.61 

3.89 

197.0 

2.48 

2.44 

245.4 

3-51 

2.29 

199.0 

3.30 

3.30 

248.5 

2.11 

1.29 

201 .0 

4.48 

4.50 

251 .6 

1.21 

0.679 

203. 1 

6.12 

6.17 

254.6 

0.674 

0.353 

205.1 

8.19 

8.27 

<58.1 

0.361 

0.1Y8 

207.3 

10.8 

10.9 

261.4 

0.193 

0.0900 

209.4 

14.1 

14.2 

264.9 

0.0941 

0.0419 

211.6 

17.6 

17.6 

268.5 

0.04 86 

0.0199 

213.9 

21.8 

21 .8 

272.1 

0.0248 

0.0101 

216.2 

25.5 

25.3 

275.9 

0.0119 

0.0048 

218.6 

28.2 

27.7 

279.7 

0.0584 

0.0021 

221 .5 

30.5 

29.4 

283.7 

0.0264 

0.0009 

223.5 

31.9 

29.5 

287.8 

0.0012 

0.0005 

226.0 

30.2 

27.4 

292.0 

C.00C5 

0.0002 




296.3 

0.0002 

- 

Photodlssoclatlon quantum yield <1^^ = 0. 
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CS 2 + hv -*• CS ♦ S 

The CS 2 absorption spectrum is rather complex. Its photochemistry 
has been reviewed by Okabe (1978). There are two distinct regions in the 
near UV spectrum: a strong absorption extending from 185 to 230 nm, and a 
weaker one in the 290-380 nm range. The threshold wavelength for 
photodlssoclatlon Is -280 nm. 
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